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Abstract 
 
 This thesis focuses on interfacial processes in Li ion batteries. Rechargeable Li-ion 
batteries are among the best technologies available for energy storage in both portable 
electronics and transportation scale applications. Li-ion batteries store and discharge energy by 
accumulation and transport of Li+ between two electrodes, known as the anode and the cathode. 
During Li+ transport, a solid electrolyte inter-phase (SEI) composed of breakdown products from 
the electrode, the solvent, and the electrolyte, forms on both cathode and anode electrode 
surfaces. The composition and stability of the SEI to a large degree controls performance of the 
battery. This thesis investigates interfacial processes in Li ion battery electrodes as they relate to 
SEI, surface coverage, and structural properties. 
SEI Oligomerization: In this section. we report the results of electrochemical quartz 
crystal microbalance (EQCM), and Matrix assisted laser desorption ionization (MALDI) time of 
flight (TOF) mass spectrometry (MS) measurements along with detailed calculations examining 
the formation of the solid electrolyte interphase (SEI) on battery anode electrodes.  EQCM 
analysis of Au and Sn surfaces in propylene carbonate (PC) and a 1:1 mixture of ethylene 
carbonate and dimethyl carbonate (EC:DMC) showed major irreversible mass uptake by the 
electrode surface especially during the first five cycles between +2 and 0.1 V vs. Li/Li+. 
MALDI-MS on emersed electrodes showed that long chain (m/z = 3000 on PC) oligomerized 
species were present on Au surfaces in PC and EC:DMC solvents, where oligomerized species 
formed in PC solutions showed higher mass ratios. The repeating units of the oligomer, visible as 
oscillations in the MALDI-MS, vary with the type of the solvent and electrode material. Sn 
surfaces initially showed formation of long chain polymers, but this material was not in evidence 
on electrode emersed after five cycles, which likely arises as a consequence of the catalytic 
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involvement of Sn in decomposition of initially formed species. Density functional theory (DFT) 
calculations of cyclic solvent molecules suggested a radical initiated polymerization mechanism 
and predict oligomer subunits consistent with the experimental results.   
SEI and Surface Coverage Induced Stress Effects: In this section, we report 
electrochemical surface stress and potential dependent matrix assisted laser desorption ionization 
(MALDI)-time of flight (TOF) mass spectrometry (MS) results combined with detailed density 
functional theory (DFT) analysis of Li deposition on a Au model system for Li ion battery 
anodes. Deposition of Li on Au surfaces at potentials >0.2 V vs. Li/Li+ occurs through the 
formation of a Li-Au surface alloy, a result that is predicted by DFT calculations. As the Au 
surface potential becomes more cathodic, compressive stress develops on the surface, a result 
again predicted from calculation. The compressive stress is completely removed by cycling the 
potential back to 2.0 V vs. Li/Li+ through delithiation of the surface alloy. Lithiation of the Au 
electrode during Li bulk alloy formation at potentials < 0.2 V vs. Li/Li+ results in compressive 
stress, as expected. However, in this case residual tensile stress is observed following delithiation, 
the magnitude of which increases with increasing lithiation/delithiation cycles. Potential 
dependent MALDI-TOF MS analysis shows that solid electrolyte interphase (SEI) oligomers are 
formed during delithiation following Li bulk alloy formation and that these oligomers are the 
likely origin of the observed residual tensile stress. This residual tensile stress is not present 
when the carbonate solvent is replaced with an ionic liquid. These results show that surface stress 
is determined by Li-host atomistic interactions as well as the nature of the SEI. 
Oxides Effect on Reversibility and Alloying Reactions in Sn anodes: In this section, we 
examine the effect of varying the oxygen content in Sn and SnOx films during potential 
dependent SnOx conversion reactions and LiySn alloying relevant to Li ion battery anodes.  The 
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films are analyzed by in-situ stress measurements, voltammetry and imaging. For metallic Sn 
films, the stresses and stability of the films are controlled by Li alloying reactions. Small, non-
contacting separated Sn particles exhibit higher electrochemical stability relative to more 
continuous polycrystalline films. Metallic Sn particles develop tensile stress during LiySn de-
alloying as porous structures are formed. The amount of stress associated with lithiation and 
delithiation of well-separated metallic particles decreases as a porous, easy to lithiate, material 
forms with cycling. During the lithiation of oxides, conversion reactions (SnOx → Sn) and the 
lithiation of the metallic Sn control the stress responses of the films, leading to highly potential-
dependent stress developments.  In particular, we find evidence for a multi-step electrochemical 
mechanism, in which partially reversible lithiation of the oxygen-containing phases is conjoined 
with a fully reversible lithiation of the metallic phases of the Sn. The electrochemical stress 
analysis provides new insights into these mechanisms and delineates the extent of the 
reversibility of lithiation and conversion reactions of oxides.  
Evolution of defects in graphene with cycling: In this section, we use Raman 
spectroscopy and density functional theory (DFT) to investigate the defect formation as a 
function of lithiation in a model system of monolayer graphene transferred on a Si(111) substrate. 
This model system enables the early stages of defect formation to be probed in a manner that 
could not previously be observed with commonly used reduced graphene oxide or multilayer 
graphene substrates. Using ex situ and Ar-atmosphere Raman spectroscopy, a rapid increase in 
graphene defect level is detected for small increments in the number of lithiation/delithiation 
cycles until the I(D)/I(G) ratio reaches ~1.5-2.0 and the 2D peak intensity drops by ~50%, after 
which the Raman spectra show minimal changes upon further cycling. Using DFT, the interplay 
between graphene topological defects and chemical functionalization is explored, thus providing 
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insight into the experimental results. In particular, the DFT results show that defects can act as 
active sites for species that are present in the electrochemical environment such as Li, O, and F. 
Furthermore, chemical functionalization with these species lowers subsequent defect formation 
energies, thus accelerating graphene degradation upon cycling. This positive feedback loop 
continues until the defect concentration reaches a level where lithium diffusion through the 
graphene can occur in a relatively unimpeded manner, thus minimizing further degradation upon 
extended cycling.  
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Chapter 1 
 
Introduction to the Electrochemical Energy Storage 
 
1.1 Future of Energy 
 Energy demands are projected to increase substantially over the next few decades. Most 
of the projected energy demand will be consumed in developing countries. Today, more than 
80% of global energy production comes from burning fossil fuels.1 Future projections of global 
energy consumption also indicate that energy demands primarily will be satisfied by fossil fuels, 
more so in developing economies. The major challenge associated with the current global energy 
landscape is the increasing greenhouse emissions, and the cost associated with cutting emissions. 
The increase in greenhouse emissions corresponds to the warming of the planet, sea level rise 
and changes in the frequency of the extreme weather and climate events.2 
 Figure 1.1 shows that, in 2011, more than 60% of the United States greenhouse emissions 
were generated by electricity and transportation sectors.3 In electricity section nuclear energy 
continues to be challenged by events such as the recent Fukashima disaster, and global growth in 
this sector is likely not to be robust. Increasing electricity generation from renewable sources 
will be an essential part of any plan to reduce greenhouse emissions and transform the energy 
production landscape. However, storage of the intermittent energy produced by renewables 
continues to be an issue. 
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In the transportation sector, electrification of the automobile is a continuing goal.  
However, storage of electrical energy sufficient to achieve a range of 300 miles – equivalent to 
that of a gasoline fueled car – remains an elusive goal.  Neither battery nor fuel cell 
implementations are as yet adequate for widespread implementation. Enhancements in our ability 
to store electricity in a high capacity, rechargeable (secondary) battery could be transformative in 
both the stationary and transportation sectors. 
1.2 Li-ion Batteries 
 Rechargeable Li-ion batteries are among the best alternatives for both portable electronics 
and transportation scale applications.4 Figure 1.1 b shows the specific energy of some battery 
systems, in which Li-ion battery shows the highest specific energy between viable energy storage 
alternatives. Li-ion batteries store and discharge energy by accumulation and transport of Li+ in 
two electrodes, known as the anode and the cathode. During Li+ transport, a solid electrolyte 
inter-phase (SEI) composed of breakdown products from the electrode, the solvent, and the 
electrolyte, forms on both cathode and anode electrode surfaces. Solvents, electrolytes, and 
electrode materials, determine the thickness, morphology, and chemical composition of the SEI 
layer.  The SEI is critical to battery performance insofar as its properties determine the level of 
accessible charge, degree of protection from excursions, safety, and longevity.5 
1.3 Interfacial Processes in Li Ion Battery Electrodes 
 As mentioned before SEI properties and stability determine the performance of Li ion 
batteries. In this work interfacial processes as they relate to the SEI and structural effects are 
interrogated. In this thesis, I examine the SEI formed on different electrode materials. A 
combination of in-situ and ex-situ techniques are employed to study the effects of electrode 
materials and electrolyte composition on the SEI. These studies when combined with the insight 
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from computational studies will enable us to develop a better understanding of the SEI formation 
mechanism in different systems. 
 Mechanical stability of Li ion battery electrodes plays an equally important role in 
maintaining the capacity of the battery.6-9 Structural and volume changes during Li exchange 
result in mechanical transformation and possible degradation of electrode materials. High 
capacity battery materials experience even more dramatic atomic redistribution and consequently 
high-magnitude stress accumulations during cycling. Atomic redistributions and structural 
changes occurring during electrochemical processes, and resulting stresses can be monitored 
using thin film stress measurements. In-situ stress and strain analysis of the metallic and 
semiconducting anode materials that alloy with Li in stoichiometries that can substantially 
increase capacities in both gravimetric and volumetric terms are particularly attractive. Using In-
situ electrochemical stress and strain analysis of anode materials during SEI formation and Li+ 
deposition, my work investigates the structural and mechanical properties of designed materials 
for use in advanced Li ion battery systems.10-13 
1.4 Structure of the Thesis 
 Characterization of the SEI components and their formation mechanism is discussed in 
Chapter 2. In this chapter it will be shown that long chain oligomers are formed during SEI 
formation on Au, Sn, and graphite surfaces when these surfaces are used as anodes for Li-ion 
batteries. Surface coverage and SEI dependent electrochemical surface stress measurements on a 
model anode material is discussed in Chapter 3. The effect of varying the oxygen content in Sn 
and SnOx films during potential dependent SnOx conversion reactions and LiySn alloying 
relevant to Li ion battery anodes is discussed in Chapter 4. Analysis of the defect evolution 
through Raman spectroscopy is discussed in Chapter 5. Details of the experimental setup for the 
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stress measurements can be found in Appendix A. The designs and drawing for in-situ 
electrochemical reaction cells are explained in Appendix B.
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1.6 Figures and Tables 
 
Figure 1.1 (a) Total U.S. greenhouse gas emissions by economic sector in 2011 (from 
www.epa.gov/climatechange). CO2 emissions from U.S. electricity generation by source, 2012  
(from www.eia.gov). (b) Specific energy of different kinds of different kinds of batteries. 
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Chapter 2 
 
Solvent Oligomerization during SEI Formation on Model Systems for Li-ion Battery 
Anodes 
Reproduced with permission from 
Tavassol, H.; Buthker, J. W.; Ferguson, G. A.; Curtiss, L. A.; Gewirth, A. A. Solvent 
Oligomerization during SEI Formation on Model Systems for Li-Ion Battery Anodes. J. 
Electrochem. Soc. 2012, 159, A730–A738. 
 
2.1 Introduction 
Li-ion batteries are commonly used to power electronic equipment and more recently are 
finding usage in transportation applications.1,2  Problems with present day batteries include low 
capacities, capacity fade, and safety.3 During Li+ transport, a solid electrolyte interphase (SEI) 
forms at the surface of both the cathode and the anode electrodes.  At the anode, the SEI can 
inhibit Li+ transport to the active electrode and reduce the accessible charge of the battery.3,4 The 
SEI also protects against anode corrosion and electrolyte decomposition.5 
Because of its importance the SEI has attracted much attention,4,6,7 both in terms of its 
protection properties and also fundamental understanding of its formation mechanism and its 
effect on battery performance. Different techniques showed a diverse range of break down 
products8 of SEI which highlights the complexity of consisting components of this interphase. 
Although there is no consensus on the SEI formation mechanism and its components, there has 
been number of studies in different systems, i.e., different solvents, electrolytes and electrode 
materials.2,4,9-11  
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Formation of the oligomerized products as a component of SEI has been previously 
suggested as a possible route in SEI formation mechanism.12-15 Thermal gravimetric mass 
spectrometry (TG-MS) analysis of species forming on Cr2O3 anodes decomposes during 
delithiation, releasing CO2, CH2=CH2 and CH3-containing volatile species, which was similar to 
the species released from polymeric compounds tested with the same method.16 Similar 
decomposition products have been reported in TG-MS analysis of graphite electrodes.17,18 X-ray 
photoelectron spectroscopy analysis of electrode materials also showed electronic states that can 
be assigned to polymeric species.6,19-21 Gel permeation chromatography, and IR analysis of a Au 
model cathode material, in the presence of vinyl ethylene carbonate (VEC) additive showed 
polymeric compounds with a wide molecular weight distribution, which were attributed to 
anodic oxidation of VEC.22  
On some materials such as graphite, AFM, STM and other microscopies show the 
formation of large deposits of material that are clearly not thin, organized films.  These 
observations suggest that the SEI is quite complex. 21,23-28 
Formation of long chain oligomers as part of the SEI on highly ordered pyrolytic graphite 
(HOPG) electrode was previously reported using time of flight (TOF) secondary ion mass 
spectroscopy (SIMS), in which a series of species exhibiting mass ratios as high as 367 m/z were 
observed. Ionic species were separated by 14 m/z which were assigned to single CH2 groups.
29-31 
Polymeric compounds formed on disordered polymethacrylonitrile (PMAN) carbon monoliths 
after cycling to 0 V vs. Li/Li+ were also observed in SIMS results. The maximum mass ratio 
observed in positive ion mode was 137 m/z, and consecutive peaks were separated by 26 m/z.32  
Using high resolution mass spectroscopy (HRMS) of the break down products of a 
battery system, in addition to the products of mimicking reactions, oligomerized species, with 
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mass ratios less than 400 m/z, were observed and analyzed.33 Since, the whole battery (i.e., 
cathode, anode and electrolyte) were used in this analysis, the specificity of the oligomers 
observed to a particular SEI, under controlled conditions, remains unknown. 
The possible existence of polymeric material in the SEI of anode materials led us to 
reexamine electrodes using matrix-assisted laser desorption time-of-flight mass spectrometry 
(MALDI-TOF-MS) measurements34,35  on the Au36,37 and Sn38,39 surfaces emersed after 
electrochemical cycling. MALDI-TOF-MS enables detection of high molecular weight polymers 
(as high as 3000 m/z), which may have been missed using other ionization techniques. In this 
chapter we use MALDI-TOF MS to examine the SEI and correlate these results with the insight 
available from the more commonly used electrochemical quartz crystal microbalance (EQCM) 
technique.40 DFT analysis of solvent molecules suggests a polymerization mechanism through 
radical initiation, which is consistent with the experimental results from MALDI-TOF MS. 
2.2 Experimental 
Working electrodes were formed from a Au-covered glass substrate (ARRANDEE 
Precious Metal Coated Substrates).  The electrodes were rinsed with Milli-Q water (>18 MΩ cm-
1) and annealed with a H2 flame for 1-2 min prior to use. Graphite (MAG-10) covered copper 
sheets were used for carbon based electrochemical measurements. Chemicals were purchased 
from Sigma-Aldrich (St. Louis, MO) and were used without further purification. All solutions 
were prepared in an Ar glove box with [O2] < 1 ppm. 1 M LiClO4 (battery grade, 99.99%) in 
propylene carbonate (PC), and 1:1 volume ratio of ethylene carbonate, dimethylene carbonate 
(EC:DMC) formed the electrolyte solutions. Li metal foil (Sigma-Aldrich) was used as counter 
and reference electrodes. Potentials are reported with respect to Li/Li+. Measurements were 
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performed using a CH Instruments 760D Electrochemical Workstation (Austin, TX) and a three 
electrode cell under an Ar atmosphere at the scan rate of 1 mV/s. 
Sn electrodeposited on Au/glass substrates were prepared by electrodeposition from a 
solution containing 10 mM SnSO4 (95+%, Aldrich, St. Louis, MO) in 0.5 M H2SO4 (Optima 93-
98%, Thermo Fisher Scientific, Waltham, MA). The theoretical thickness of the Sn layer on Au 
substrate was around 800 nm on the Au surface, where a H2 flame-annealed Pt wire counter 
electrode and a “no leak” Ag/AgCl reference (Cypress Systems, Lawrence, KS) were also used. 
Immediately following deposition, electrodes were rinsed with Milli-Q water, dried under Ar, 
and subsequently placed in the QCM probe and assembled into the QCM cell under Ar, or 
transferred to an Ar atmosphere for electrochemical measurements. 
MALDI-TOF analyses were performed using a Voyager-DE STR mass spectrometer 
(Applied Biosystems) with a mass range of 500-300,000 Da. The instrument is equipped with a 
nitrogen laser (337nm, 3 ns pulse, and 20 Hz maximum firing rate.) All measurements were 
made using linear mode and the positive ion was recorded.  Samples were prepared by adding 2 
µl of DHB (2,5-dihydroxy benzoic acid) to the surface of the corresponding electrode material, 
after electrochemical measurements were completed. 
EQCM experiments used room temperature optimized 5 MHz quartz crystals with 
polished Au electrodes (Inficon, East Syracuse, NY). Prior to use, the crystals were cleaned in 
piranha solution for 10 minutes and subsequently rinsed with Milli-Q water (Milli-Q Reference, 
Millipore Inc., Billerica, MA) and dried with Ar. The QCM cell was purged with Ar until the 
frequency stabilized. The probe was then lowered into the solution until the frequency stabilized 
again. The QCM cell includes a water-jacketed beaker kept at 30 °C using a Neslab RTE 10 
refrigerated bath (Thermo Electron Corporation, now Thermo Fisher Scientific Waltham, MA) 
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and is maintained under a positive pressure of Ar. Upon frequency stabilization, the Li metal 
counter/reference electrode was lowered into the solution and the open circuit potential was 
measured. Data was collected from 0.1 – 2.0 V (vs. Li/Li+) at a scan rate of 1 mV/s, starting at 
2.00 V using a CV-27 (BASi West Lafayette, IN). The frequency was monitored with a Maxtek 
PM-710 plating monitor (now Inficon, East Syracuse, NY). Both the frequency response and the 
electrochemical data were recorded using a home-built program written using LabVIEW 
(National Instruments, Austin, TX). 
Water content of the electrolyte solutions was measured using a Karl-Fischer titration, 
which showed water contents of 14 ± 2 ppm for 1M LiClO4/PC, and 37 ± 5 ppm for 1M 
LiClO4/EC:DMC, which is similar to the values reported previously
33,41,42 for these kinds of 
electrolyte solutions. 
Theoretical 
All calculation of energies, forces and force constants were performed using the B3LYP 
hybrid-density functional method43,44 with the double-ζ plus polarization basis set45, model 
chemistry B3LYP/cc-pVDZ, as implemented in the Gaussian 09 suite of programs.46 Force 
constants were used to ensure the correct character of the PES critical points as either transition 
states or minima, provide zero-point vibrational energies and estimate the free energy of the 
system. System solvation was modeled using single-point calculations on optimized geometries 
with the polarizable continuum model 7,47 with the parameters of Vollmer et al. 
2.3 Results and Discussion 
2.3.1 EQCM Analysis of Au and Sn Surfaces 
Figure 2.1a shows representative data for the mass changes recorded by the QCM upon 
cycling the four different model anode systems considered here for five cycles. Changes in the 
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frequency of the quartz crystal are related to mass changes on the electrode surface using the 
Sauerbrey equation:40 
,                                                                                  (2.1) 
where ∆f is the change in frequency (Hz), Cf is the sensitivity factor (Hz cm2 µg-1) of the 
quartz crystals and ∆m is the change in mass (µg cm-2).  The mass increase following the first 
electrochemical cycle is similar for all four systems, with a mass change of ca. 90 µg/cm2. This 
mass change is associated with the initial formation of the SEI.  After five cycles, the Au 
surfaces exhibits a ca. 2 times larger mass change relative to the Sn surfaces with the 
corresponding solvent.  For both Au and Sn, the EC/DMC solvent results in more mass on the 
surfaces than the same surface in PC. While Au EC/DMC deposited the most mass on the 
surface, it also removed the most each cycle, whereas Sn in PC added and removed the least 
mass, but with very little mass left on the electrode at the end of the cycle.   
 A portion of this mass that remains upon cycle completion can be attributed to Li that 
was not removed from the Au electrode. It is known that a Li–Au alloy forms at potentials below 
0.2 V vs. Li/Li+.48 Much of the Li+ dealloys during the subsequent anodic sweep, making the 
system reversible (Figs. 2.2d, 2.3d). However, some irreversible character originates from Li+ 
that diffuses into the bulk and does not reemerge.49 
The alloying of Sn and Li is slightly more complex and occurs at higher potentials 
compared to Au, as revealed in the Sn voltammetry (Figs. 2.4c, 2.5c). Since the Sn surfaces were 
briefly exposed to atmosphere, an oxide layer exists on the surface. The formation of Sn–Li 
alloys from tin oxides was described by Courtney and Dahn.50 Initially, Li2O and Sn metal are 
formed, a reaction which is largely irreversible. The Sn metal then reversibly alloys with the Li 
to form various lithiated phases. In both the Au and Sn systems, Li that remains in the electrode 
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with cycling results in a decrease in capacity and manifests in the EQCM data as a component of 
the additional mass at the end of the cycle.  This mass will be taken into account when 
calculating the mass of the SEI (vide infra). 
These data are consistent with previous work for both solvents. Moshkovich et al.51 
examined Au in 1 M LiClO4 in PC cycled once to 0 V (vs. Li/Li
+) at 5 mV/s and observed 20 µg 
cm–2 in decomposition products at the end of the cycle. Our larger result of 84 ± 13 µg cm–2 is 
most likely a consequence of a slower scan rate (1 mV/s).  Aurbach et al.49 examined Au in 1 M 
LiClO4
 in 1:1 EC/DMC by cycling down to 500 mV (vs. Li/Li+) at 5 mV/s on the first two cycles 
and –50 mV (vs. Li/Li+) at 20 mV/s on the third. Only 1 µg cm–2 and 0.55 µg cm–2 of 
decomposition products were observed at the end of the first and second cycles, respectively. 
The third saw 13 µg cm–2 of decomposition products. Although this is much less than observed 
here after one cycle, 101 ± 12 µg cm–2, the greater number reported here likely results from a 
combination of the higher cathodic potential on the two initial scans with the faster scan rates. 
Both of the previously mentioned studies reported mass that was removed from the electrode 
during the anodic scan, which is consistent with our results, and was also observed on Au 
surfaces in both 1 M LiAsF6 in EC/DEC
52 and both 1 M LiAsF6 and 1 M LiPF6, each in PC.
53  
There is less work examining the QCM of Sn electrodes.  Li et al.54 examined Sn 
electrodes in 1 M LiPF6 in 1:1 EC/DMC, cycling down to 0.7 V (vs. Li/Li
+) at 1 mV/s, and 
observed 23 µg cm–2 of decomposition products at the completion of the first cycle. Our result of 
68 ± 12 µg cm–2 in 1 M LiClO4 in EC:DMC is  most likely due to our lower cathodic potential.  
Interestingly, QCM studies of Au surfaces in 1 M LiClO4 in EC/DMC showed 5 times more 
mass accumulation than the same surface in LiAsF6,
49 which could be another explanation for 
the larger masses observed in the results reported here.  
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Figure 2.1b shows the total mass of the non-electroactive material retained on the 
electrode at the end of each cycle. This mass is calculated by subtracting the mass of Li that 
remains in the electrode (from integration of the deposition and stripping peaks in the 
voltammetry) from the total mass reported by the QCM at the end of the cycles.  Thus the mass 
calculated represents the mass of the SEI retained on the electrode surface.  This calculation 
ignores the effects on non-uniform mass distribution, which can lead to frequency changes that 
are not representative of mass deposition.  The calculation also does not account for viscoelastic 
effects arising from the finite compliance of the polymer material in the QCM and assumes the 
first layer of solvent molecules of the electrode surface do not slip from the shear motion caused 
by the crystal oscillation.40  Nonetheless, these results show qualitative differences between the 
amounts of material retained on each electrode.  Similar to the total mass results shown in 
Figure 2.1a, the Au surface in EC/DMC retains the most mass, and Sn in PC retains the least.  
EC/DMC gives more mass retention in comparison to PC on the same surface. The Au EC/DMC 
mass increases relatively rapidly compared to that found for Sn in either solvent.  Interestingly, 
the Sn systems both retain relatively little new mass after the first cycle, in contrast to the Au 
systems, which appear to build mass on every cycle. The mass retained on the Au electrodes 
following cycling increases until the third or fourth cycle, and then the rate of increase slows. 
2.3.2 MALDI-TOF MS Analysis of Au Surfaces 
In order to interrogate the SEI formed on both the Au and Sn electrode surfaces, we 
performed MALDI-TOF MS on electrodes emersed at 2.0 V after different cycling times.  
Figure 2.2 shows the MALDI-TOF spectra obtained from a Au surfaces after cycling in LiClO-
4/PC solution. Prior to cycling, MALDI obtained from the emersed electrode (Figure 2.2a) 
exhibits no detectable peaks at m/z above 500, with peaks below 500 m/z assigned to the matrix 
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or material associated with the matrix and solvent together. After performing one 
electrochemical cycle between 2.0 V and 100 mV, the MALDI MS (Figure 2.2b) exhibits many 
new features in a regular pattern.  Following five cycles (Figure 2.2c), the peaks have grown in 
intensity.  The voltammetry in this system (Figure 2.2d) is identical with that reported 
previously.51 Interestingly, features at high mass ratios (m/z = 3500) are apparent.   Analysis of 
the MS pattern over the entire mass range gives a repeat spacing of 166.4 ± 0.5.  We note that the 
mass of the repeating units found in this study is different from the much smaller values seen in 
previous studies.29,30,32 
Each regular peak in Figure 2.2 is made up of a population of subpeaks, the spacing 
between which is predominately found to be 6 m/z.  We suggest that these peaks arise from 
substitution of a Li+ for a H+, by loss of a H radical55,56, forming [M+Li]+ and [M-H+2Li]
+ ions. 
Formation of similar ionic species in MALDI TOF-TOF analysis of lithiated fatty acids was 
previously observed, which also resulted in ionic species separated by 6 m/z56.  Polymeric 
species with basic oxygen in their structure are mostly ionized by formation of ion complexes 
with metal ions57; in this case abundance of Li+, can effectively ionize long-chain species. In 
addition, saturated hydrocarbons and long-chain polymers are lithiated and ionized forming 
(M+Li)+, when a matrix of LiDHB is used in a MALDI analysis.58 Regular repeat patterns in 
MALDI analysis is associated with the presence of compounds with regular weak bonds in their 
structure, i.e., polymers,34,59 where the difference between consecutive ionic species represents 
the mass of the subunits of the polymer. Thus this data shows that the SEI on Au cycled in PC is 
formed from a high molecular weight polymer exhibiting a maximum of at least 20 repeating 
subunits. Oligimer formation is consistent with the EQCM data showing irreversible mass uptake 
on the surface of the electrode in the first few cycles. 
 17 
It was previously suggested that the formation of ethylene oxide-based oligomers (PEO) 
requires the initiation by the linear carbonate component of the solvent through an 
electrochemical decomposition.33 However, the presence of oligomerized products on the anode 
electrodes in a PC solvent shows that the energetics of oligomerization initiation and propagation 
steps can be satisfied in the absence of a linear component in the solvent mixture.  
Formation of lower molecular weight oligomerized species as part of solvent break down 
products on the surface of electrodes has been suggested previously.6,13,33 The results of the 
present study show that the oligomer is not merely a dimer but is much larger. In addition these 
results show that at the end of a complete cycle, oligomerized product are present, and are not 
decomposed during delithiation as was previously suggested based on TG-MS analysis of 
anodes.16 Atomic force microscopy (AFM) and scanning tunneling microscopy (STM) images of 
SEI formation on different electrode materials show the presence of agglomerated persistent 
mass forming on these surfaces.21,23-28 Our suggestion that the SEI is formed partly from 
oligomerized species is consistent with these studies.  Observation of oligomerization products 
with higher masses increasing with cycle number is indicative of an active oligomerization 
mechanism on these surfaces in Li-ion battery systems. 
EC:DMC is another common Li ion battery solvent, featuring a mixture of linear and 
cyclic components. Figure 2.3(a-c) shows the MALDI-TOF obtained from a Au surface emersed 
at 2.0 V following different numbers of cycles.  Figure 2.3d shows the voltammetry which is 
again identical with that reported previously.49 As with the PC case, peaks develop following 
electrochemical cycling, with mass ratios up to at least m/z =1500, somewhat smaller than that 
found for PC.  Fitting the overall envelope of the peaks in Figure 2.3c gives a repeat spacing of 
176.4 ± 0.8 m/z for the material on the Au surface.  Analysis of the subpeaks seen in the 
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spectrum (Figure 2.3e) shows a clear pattern, marked with an asterisk, which allow us to refine 
the peak spacing to be 177.5 ± 0.1 m/z.    
Interestingly, increasing the number of charge/discharge cycles in EC:DMC does not 
result in increased peak intensities and mass ratios as it did for the PC case, which is somewhat 
at odds with the increased change in mass seen in the EC:DMC relative to PC in the QCM.  
2.3.3 MALDI-TOF MS of Sn Surfaces 
The EQCM data obtained from the Sn surfaces shows more reversible mass uptake and 
removal behavior upon charge and discharge cycles compared with the Au surfaces. Comparison 
of MALDI-TOF of these two types of surfaces highlights differences in oligomerization products 
formed and their relative abundance. 
Figure 2.4 shows the MALDI-TOF spectra and electrochemistry obtained from a Sn 
surface in PC.  The voltammetry (Figure 2.4c) is consistent with that reported previously. The 
first cycle usually exhibits an additional peak relative to subsequent cycles, which is usually 
associated with the presence of residual SnO2.
23,60-64 The mass spectrometry exhibits peaks at 
m/z as high as 1300, indicating the formation of higher molecular weight species on this surface.  
However, in contrast to the Au case, regular repeat spacings are not as evident.  Additionally, the 
intensity of features in the spectrometry is somewhat greater following electrode emersion from 
the first cycle relative to cycle 5.  Analysis of the overall peak pattern does not reveal a clear 
repeat pattern spacing, although a fit to ca. 140 m/z could be obtained from the first cycle data.  
However, the presence of multiple, closely spaced peaks in the spectrum speak to the 
heterogeneity in the material on the electrode surface.  Higher resolution examination of the 
subpeaks in each main peak did not reveal any regular patterns. 
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MALDI-TOF obtained from Sn in EC:DMC (Figure 2.5) also shows the presence of 
higher molecular weight species formed after cycling and emersion at 2.0 V.  Figure 2.5 shows 
that following the first cycle, a regular pattern of peaks exhibiting a repeat spacing of 141.4 ± 9.1 
m/z is observed.  However, by the fifth cycle, this pattern of regular peaks has disappeared, to be 
replaced by features with m/z as high as 1200.  Comparison of the spectra of 1st and 5th cycles 
reveals some similar features, although presence of more features in mass ratios lower than 1200 
m/z, results in a more complex picture, which does not show any regular spacing between peaks.  
Voltammetry (Figure 2.5d) is consistent with previous reports.23,54,64   
SEI formation and capacity reversibility on Sn surfaces during first five cycles depend on 
the type of the electrolyte used. EC:DMC shows the formation of high molecular weight 
polymeric species following the first cycle, such pattern are not present in PC solutions. These 
results are consistent with previous reports of dependence of SnO anodes capacity on the type of 
the electrolyte and solvent used.65 
2.3.4 MALDI-TOF MS of Graphite Surfaces 
We also obtained MALDI-TOF MS from graphite coated on copper foil electrode 
surfaces following cycling in LiClO4/EC:DMC system as described above for the Au and Sn 
electrodes.  The MS also revealed the presence of oligomerized products with mass to charge 
ratio as high as 1000 m/z.  However, using MALDI ionization on graphite surfaces proved to be 
problematic due to issues with laser absorption on the dark graphite material and uncontrolled 
ablation of carbon from the surface into the mass spectrometer and was not pursued further.   
2.3.5 Reaction Mechanism Calculations 
Polymerization of five-membered cyclic carbonates (e.g. propylene carbonate and 
ethylene carbonate) through a ring opening mechanism initiated by Lewis acids and bases, or at 
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the presence of trans-esterification catalysts is known to occur at elevated temperatures, in which 
decarboxylation of the cyclic carbonates accompanies this process.59 To explore a plausible 
mechanism for oligomer formation on the anode we considered the reaction of reduced EC or PC 
with the neutral solvent molecules. The mechanism is based on other work with reduced 
electrolyte molecules, which results in ring opening for EC and PC.33,66-70 The minimum energy 
pathways were calculated for the initiation of EC and PC oligomerization, starting from a 
reduced EC or PC reacting with the neutral form of the molecules, as well as for the propagation 
reactions from the initiator molecules reacting with neutral molecules to form one additional step 
in the chain growth reactions. From these calculations we can propose a plausible reaction 
mechanism for the oligomerization of EC and PC on the anode materials.  
The initial reaction of the reduced EC (PC) radical was calculated for the radical anion 
reacting with the neutral EC (PC). For EC the reaction sites are denoted a-d (Figure 2.6a) while 
the lower symmetry PC has reaction sites a-f, as shown in Figure 2.6b. The energetics associated 
with these different reaction sites is shown in Table 2.1. 
For the case of EC the most likely site for the initiation reaction is at site (a) forming a C–
C bond and breaking the C–O bond, as shown in Figure 2.6a. The ΔGsol for the reaction barrier is 
0.66 eV and the reaction energy is –1.07 eV. This produces a four-carbon chain with the spin 
delocalized over the carboxyl groups. Other reaction sites for the initiation reaction of EC are 
either endothermic in the case of site (c) or have a high barrier as in site (b). A transition state for 
site (d) could not be located. While the barrier for a reaction at site (c) is almost thermoneutral 
the product is exothermic indicating a propensity to back react before any other subsequent 
reaction.  
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For PC the most likely site of initiation reaction is site (f) as shown in Figure 2.6b and 
Table 2.1. Again this reaction forms a C–C bond and breaking the C–O bond. The reaction is 
found to be barrierless. The ΔGsol of the reaction energy is exothermic by 0.72 eV. The resulting 
structure contains a branched four-carbon chain with the radical delocalized on the carboxyl 
groups as shown in Figure 2.6d. The lack of a barrier is likely due to delocalization of the radical 
over two-carboxyl groups stabilizing the transition state. The resulting product contains the 
radical stabilized by the carbonyl group.  The other sites (a-c and e), while exothermic, all had 
much higher barriers. The most exothermic product is formed from the reaction at site (a). This 
differs from site (f) in the proximity of the methyl groups. In the product of the reaction at site 
(a) the methyl groups are closer together increasing the steric repulsion and destabilizing the 
product. This repulsion is removed in the product of a reaction at site (a) stabilizing the product. 
This difference results in a barrier of 0.59 eV for site (a) while site (f) is barrierless.  Again, a 
transition state for site (d) could not be found. 
Once the initiator is formed it can propagate the reaction by further reacting with another 
neutral EC (PC), as shown in Figure 2.6c and 2.6d. While it is not entirely clear if the initiator 
will lose its initial energy due to unreactive collisions with other electrolyte molecules, we have 
chosen to examine the second reaction as if this energy loss has in fact occurred. We also 
neglected reactions resulting in peroxide formation due to the difficulty in finding minima on the 
potential energy surface that maintained the O–O bond. This indicates these structures are not 
likely to be stable.  
These propagation reactions start from the most likely initiator, Figure 2.6c (EC) and 6d 
(PC). The EC initiator reacts with a neutral EC at site (a), with barrier of 0.21 eV and is 
exothermic by 0.59 eV as shown in Table 2.1. If the reaction occurs at site (c) the barrier is 0.44 
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eV and the product has a slightly more exothermic energy of 0.64 eV. Both sites would have the 
same molecular weight and produce oxygen radical that can react with another EC to form 
oligomeric species. The product shown in figure 2.7a shows the more likely product of a reaction 
at site (a). 
The PC initiator reacting with neutral PC is slightly more complicated. Both sites (a) and 
(f), as shown in Figure 6d, have competitive barriers, 0.27 eV for site (a) and 0.37 eV for site (f). 
Both of these reactions produce very similar products, which are exothermic by 0.60 eV for the 
reaction at site (a) and 0.58 eV for the reaction at site (f). The product for the reaction at site (f) 
is shown in figure 2.7a. The reaction at site (a), which is not shown here, differs by the 
placement of a methyl group. We have shown the product of the reaction at site (f) in Figure 2.7a 
and 2.7b. The sites (b), (d) and (e), Figure 2.6d and 2.6c result in epoxides and were not 
explored. A transition state for site (c) could not be found but the product is endothermic by 0.47 
eV making this an unlikely candidate for further reactions.     
After the first propagation step there is the possibility of decarboxylation of all three 
products. Each of these has a CO2 group bound to the terminal end of the molecule. Upon 
removal, the EC product is slightly exothermic by < 1 eV. If we infer the barrier from the second 
propagation step from the first, the large subsequent barrier for further reaction makes 
decarboxylation unlikely. The PC decarboxylation is exothermic by 0.14 eV for site (a) and by 
0.21 for site (f), Figure 2.6c and 2.2.d. This would indicate that some of the PC products may 
decarboxylate. This decarboxylation of cyclic carbonate like ethylene carbonate69, and propylene 
carbonate59 has been reported previously. 
From these calculations we propose that the oligomerization occurs as follows. The EC 
(PC) becomes reduced and reacts with a neutral EC (PC). This initial reaction forms a radical 
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initiator that further reacts with another neutral EC (PC). For the case of PC a fraction of formed 
oligomers may undergo decarboxylation and then propagate while others propagate without 
decarboxylation. The difficulty in determining the energy transfer due to intermolecular 
collisions does not allow us to make a quantitative determination of the number of 
decarboxylated PC monomers. 
The proposed oligomer units are shown in Figure 2.7c (PC) and 2.7d (EC). Considering 
these monomers the molecular weight for the EC and PC derived units would be ~176 g/mol and 
~200 g/mol, respectively. The calculated subunit molecular weight for the EC-derived oligomers 
is close to that experimentally observed on Au anodes, 176.4 ± 0.8 m/z. If one assumes that half 
of the PC monomers are decarboxylated then the molecular weight would be approximately 160 
g/mol. This is reasonable since decarboxylation of the PC derived monomers is exothermic. The 
molecular weight of this proposed PC monomer is, however, less than what is observed by ~ 6 
g/mol (Figure 2.2). The assumption of a precise percentage of the PC derived monomers are 
decarboxylated is approximate. If less than that is assumed of the PC derived monomers are 
decarboxylated, the average molecular weight could be slightly higher. Also it is possible that 
some Li+ replaces H+ which is bound to the PC oligomers slightly increasing the weight. This 
assumption increases the molecular weight by ~6 g/mol for each Li incorporated, which would 
match the experimentally derived molecular weight more closely. These assumptions suggest 
that the PC oligomers might have heterogeneous monomers that differ little in molecular weight. 
Nonetheless, these calculations support a possible mechanism for oligomerization that results in 
monomers with molecular weights close to those experimentally observed starting from a 
reduced EC (PC) reacting with other molecules in the electrolyte and propagating. 
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Finally, we address differences between the two solvents.  Comparison of the PC and 
EC:DMC systems shows that higher mass species are found in PC (as high as 3000 m/z) 
compared to similar EC:DMC containing electrolytes (as high as 1500 m/z).  One possible 
reason relates to the higher conductivity and viscosity found in propylene carbonate compared to 
ethylene carbonate.71-73 Reduced species on the surface of the electrode have lower mobility in 
PC solutions, which makes the attack on neutral molecules more probable. This higher 
probability of initiation reactions may contribute to higher mass ratios observed in PC solutions. 
Additionally, initiator molecules are more likely to lose their energy upon collisions in lower 
viscous medium of EC:DMC, than in PC solutions. 
2.3.6 Differences between Sn and Au 
While the oligomerization mechanism discussed above is independent of electrode 
surface, it is clear comparing Figures 2.2 and 2.3 with Figures 2.4 and 2.5 that there are more 
oligomerized products found on Au surfaces relative to Sn.  Additionally, the difference of two 
main consecutive peaks in either solvent is also different (ca. 140 m/z for Sn compared to 
166.4±0.5 m/z for Au).  This result suggests that different mechanisms might be operative on Sn 
surfaces.  
Insight into differences between Au and Sn comes from considering phenomena observed 
on Sn.  We found that substantial mass was retained on the Sn electrode surface as a function of 
cycle number.  However, the MALDI-MS measurements showed that while a high molecular 
weight polymer was present following the first cycle, it was not observed by the end of cycle 
five.  This result shows that the high molecular weight polymer is likely decomposed on the Sn 
surface following its formation, and the mass in the QCM must come from smaller molecular 
weight fragments in the SEI.  These constituents must be smaller than the 500 m/z lower 
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detection limit available in the MALDI-MS measurement.  A likely origin of this behavior is the 
well-known oxidative, and catalytic characteristics of pure Sn surfaces, particularly at positive 
potentials, as high as +2V vs. Li+/Li used here.74 Because of Lewis acidity properties of Sn, 
catalysis of oxidation reaction of ketones by direct activation of ketone group, is well known.75,76 
It has been shown that mere chemical contact between Sn surfaces and electrolyte solution 
causes decomposition of electrolyte solution.77 Additionally volume changes occurring with Li 
incorporation create fresh surfaces which forms new SEI layer upon exposure to the electrolyte 
solution, keep decomposing electrolyte and solvent molecules.77 These morphological changes 
prevent having a stable electrode-solution interface.78 Thus, the oligomer initially formed on Sn 
is likely decomposed into smaller units following cycling. 
The behavior we see on Sn with the QCM and MALDI-MS is consistent with that found 
in other studies.  In particular, in-situ AFM studies of Sn surfaces show that the SEI formed on 
these surfaces is not stable with electrochemical cycling. SEI formation products dissolve in the 
electrolyte solution resulting in an unstable interphase on the surface of the Sn electrodes.23  
AFM images show the formation of an inhomogeneous layer with small separate grains upon 
cycling of Sn surfaces when a mixture of ethylene carbonate, dimethyl carbonate is used as 
solvent.23 Comparison of AFM images of the SEI formed on Sn with the one formed on other 
surfaces i.e., graphite highlights the formation of smaller grains on Sn surfaces, which can be a 
result of shorter chain polymeric compounds.  This group also observed that the interfacial 
processes on different faces of Sn result in the formation of SEI layers with different properties. 
Sn(100) faces show a non-uniform and unstable SEI layer, on the contrary Sn(001) surface show 
a thin, stable, and uniform SEI formed on the surface.79  Sn surfaces also show reversible 
capacities which might be indicative of reversible SEI formation.78,80,81  
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Finally, Sn surfaces exhibit a higher capacity for Li (4.4 Li atoms per Sn atom) compared 
to Au surfaces based on Li alloying with these metals36,37,50,82,83, and Li-Sn alloying and SEI 
formation on Sn surfaces show higher reversibility.50 This reversibility can be attributed to the 
absence of long chain polymers in the SEI layer formed on Sn surfaces.  
2.4 Conclusion: 
We showed that SEI formation on Sn and Au electrodes is accompanied by formation of 
a long chain oligomer arising from solvent decomposition.  The mechanism of oligomer 
formation likely involves radical formation followed by a propagation step.  On Au surfaces, this 
oligomer leads to stable products on the electrode surface.  On Sn, this oligomer is formed, but 
then decomposed into smaller species, likely due to the well-known oxidative activity of the bare 
Sn material. Density functional theory (DFT) calculations of cyclic solvent molecules suggested 
a radical initiated polymerization mechanism and predict oligimer subunits consistent with the 
experimental results. 
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2.6 Figures and Tables 
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Figure 2.1 Representative data from the EQCM showing the mass changes as a function of time 
(a) and the mass of the SEI for each system at the end of each of the five cycles (b). 
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Figure 2.2 MALDI-TOF mass spectrometry analysis of textured Au electrodes emersed from 1 
M LiClO4/PC after cycling between potentials of 2.0 to 0.1 V (vs. Li/Li
+) at scan rate of 1 mVs-1, 
(a) background spectrogram after emersion without cycling, (b) MALDI-TOF obtained after 1 
cycle (c) MALDI-TOF obtained after 5 cycles (d) CV showing the first to fifth cycles. 
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Figure 2.3 MALDI-TOF mass spectrometry analysis of textured Au electrodes emersed from 1 
M LiClO4/EC:DMC after cycling between potentials of 2.0 to 0.1 V (vs. Li/Li
+) at scan rate of 1 
mVs-1, (a) background spectrogram after emersion without cycling, (b) MALDI-TOF obtained 
after 1 cycle (c) MALDI-TOF obtained after 5 cycles (d) CV showing the first to fifth cycles and 
(e) detailed mass spectra of different regions in the main MALDI-TOF spectra, red stars show 
main peaks, which are the basis for calculation of mass difference between consecutive mass 
ratios. 
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Figure 2.4 MALDI-TOF mass spectrometry analysis of Sn surfaces in 1 molL-1 LiClO4/PC after 
cycling between potentials of 2.0 to 0.1 V (vs. Li/Li+) at scan rate of 1 mVs-1, (a) MALDI-TOF 
obtained after 1 cycle, and (b) after five cycles. (c) CV showing the first to fifth cycles. 
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Figure 2.5 MALDI-TOF MS analysis of Sn electrodeposited on Au surfaces in 1 mol L-1 
LiClO4/EC:DMC after cycling between 0.1 to 2.0 V (vs. Li/Li
+) for 1 (a), and five (b), cycles. 
Inset shows a magnified region of the spectrum, which highlights the regular spacings of mass 
ratios. Dotted line shows the least square fit of the spectrum to Gaussian peaks after background 
subtraction. (c) CV representing 1st to 5th cycles. 
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Figure 2.6 The reactants for the reaction of reduced a) EC radical, and b) PC radical with 
a neutral EC or PC. The different reaction sites on the neutral molecule are denoted with red 
letters.  The propagation reactions of the initiators of EC or PC oligomerization reacting with a 
neutral molecule of c) EC or d) PC. 
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Figure 2.7 Propagation steps for a) PC-derived oligomeric radical, and b) EC-derived radicals 
resulting from initiation steps. Resulting polymers from initiation and propagation steps for c) 
PC, and d) EC.  
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Table 2.1. Thermodynamics at 298 ˚C and 1 atm for the first two steps of a radical chain-reaction mechanism for 
EC and PC. The key for the points of attack is shown in Figure 2.6a,b for the formation of the initiation step and in 
Figure 2.6c, d for the propagation step. 
Electrolyt
e 
Polymerization Step Point of Attack Reaction Species ΔH, eV ΔG, eV ΔGSol, eV 
Ethylene 
Carbonate 
Initiation 
a 
Transition State 0.58 1.09 0.66 
Product –1.42 –0.88 –1.07 
b 
Transition State 1.30 1.73 1.11 
Product –0.52 –0.11 –0.62 
c 
Transition State 0.17 0.82 0.03 
Product 0.13 0.73 0.12 
Propagation 
a 
Transition State 0.45 0.91 0.21 
Product –0.52 –0.08 –0.59 
c 
Transition State 0.85 1.41 0.44 
Product –0.71 –0.31 –0.64 
Propylene 
Carbonate 
Initiation 
a 
Transition State 0.65 1.20 0.59 
Product –1.17 –0.54 –0.94 
b 
Transition State 1.01 1.61 0.97 
Product –0.25 0.46 –0.31 
c 
Transition State 0.55 1.16 0.54 
Product –0.54 0.10 –0.55 
e 
Transition State 1.03 1.60 0.89 
Product –0.47 0.05 –0.64 
f 
Transition State      a 0.25    a 
Product –0.51 0.02 –0.72 
Decarboxylated 0.94 0.85 1.27 
Propagation 
a 
Transition State 0.03 0.60 0.27 
Product –0.95 –0.36 –0.60 
Decarboxylated –0.49 –0.44 –0.14 
f 
Transition State 0.14 0.71 0.37 
Product –0.95 –0.38 –0.58 
Decarboxylated –0.47 –0.39 –0.21 
a No barrier for reaction 
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Chapter 3 
Surface Coverage and SEI Induced Electrochemical Surface Stress Changes during Li 
Deposition in a Model System for Li-ion Battery Anodes 
Reproduced with permission from 
Tavassol, H.; Chan, M. K. Y.; Catarello, M. G.; Greeley, J.; Cahill, D. G.; Gewirth, A. A. Sur-
face Coverage and SEI Induced Electrochemical Surface Stress Changes during Li Deposition in 
a Model System for Li-Ion Battery Anodes. J. Electrochem. Soc. 2013, 160, A888–A896. 
 
3.1 Introduction  
 Li ion batteries are commonly used for energy storage in small scale devices. However, 
today’s lithium ion batteries lack the higher capacity and longer life time required in transporta-
tion applications.1 New generations of high capacity anode electrode materials are being investi-
gated and developed in order to improve the performance of Li-ion batteries.1,2 Capacity reten-
tion during the lifetime of the battery is important in all applications. Many factors contribute to 
capacity decrease over the lifetime of the battery.3-5 Among these, mechanical degradation result-
ing from cumulative stresses arising during lithiation and delithation of electrodes and the dy-
namics of solid electrolyte interphase (SEI) formation are key contributors.6-11 These problems 
may become more acute as new high capacity materials are introduced into the battery elec-
trodes.10,12-14 
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Studies directly interrogating anode electrode surface stress have focused on silicon,6,15,16 
and carbon7-9 materials. In these cases, lithiation resulted in compressive stress. On cathode ma-
terials such as LiCoO2
17,18, and LiMn2O4,
19 stress measurements revealed tensile stress during 
lithiation and compressive stress during delithiation. Additionally in-situ imaging of strain gener-
ated in graphite electrodes during lithiation and delithiation has been used to acquire a qualitative 
image of particle expansions and resulting electrode deformations.20  First principles theoretical 
studies showed that breakage of Si-Si bonds and formation of Si-Li bonds contributes to strain, 
plastic deformations and stress generation in silicon electrodes.21-23 Theoretical studies have in-
vestigated the stress evolution during lithiation/delithiation of anode materials.24-28 Modeled 
stresses developed during Li insertion in spherical silicon particles, was shown to be dependent 
on particle size and discharge rate.29  
SEI formation and stabilization is also thought to contribute to stress generation in battery 
electrodes. Irreversible compressive stress on thin film graphite electrodes has been observed 
during the first few cycles of lithiation.9 The stress changes become nearly reversible after ~18 
cycles; the observed initial irreversible compressive stress and its following stabilization were 
attributed to SEI formation.  
Recently, we reported that the SEI on C, Au, and Sn electrodes was formed in part from 
oligomerization of the solvent.30 This oligomerization resulted in substantial irreversible mass 
gain on these electrodes, the degree of which depended on the solvent, the electrode material, 
and the cycling history.  We wondered what consequences to electrode stress might attend the 
deposition of this long chain (ca. 20 subunit) polymer on the electrode surface. Internal changes 
in polymeric films as well as their interactions with a solid substrate induce changes in the sur-
face stress.31-33 
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The first measurements of potential dependent surface stress changes in electrochemical 
systems using a bending cantilever method were reported in 1971.34 Methods based on Interfer-
ometry,35 piezoelectric,36-38 laser beam reflection,18,37,39,40 atomic force microscopy (AFM),41-43 
and scanning tunneling microscopy (STM)44,45 have been used to monitor surface stress changes 
under potential control.46 Surface stress changes during underpotential deposition (upd),36,46,47 
surface alloying,48 and bulk processes have been studied using such methods.46  
Surface stress measurements obtained during electrodeposition typically describe the rel-
ative stress on the substrate, not the absolute surface stress.  The value of the absolute surface 
stress of solids is mainly acquired from theoretical calculation, since determining of the absolute 
surface stress values is experimentally challenging.46 The absolute surface stress of a clean and 
unreconstructed Au(111) surface was previously calculated to be 2.77 N m-1, which indicates that 
the Au(111) surface is under tensile stress.49 The positive value of the surface stress (tensile) 
means that there is an attractive interaction between surface atoms, i.e. the surface tends to 
shrink.46 In general the attractive interactions between surface atoms can be understood through 
the increased charge density as a result the surface termination. The higher charge density results 
in increased bond strength between surface atoms.46,50 In transition metals, sp hybridization, and 
the consequent d orbital charge depletion causes the tensile surface stress. Late transition (5d) 
metals show highly tensile surface stresses, which can be explained by the relativistic effects on 
the 6s and 6p shells.49 
In this study we investigate a model system for lithium ion battery anodes, and relate sur-
face stress changes to the nature of the formed SEI. We focus here on Au due to its ease of prepa-
ration and because this well-defined surface has seen considerable effort in other interfacial con-
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texts.51-53 We show that stresses on this electrode are indeed controlled in part by SEI formation 
on its surface. 
3.2 Methods 
3.2.1 Experimental Details 
Glass microscope cover-slips (Gold Seal No. 1, 150 μm thick), cleaned with acetone, 
were coated with 20 nm Cr and 50 nm Au on one side by electron beam evaporation to give a 
reflective surface. Cantilevers approximately 25 mm × 1.5 mm were then cut from the cover-
slips using a diamond-tipped pen.  The cantilevers were rinsed with Milli-Q water (>18 MΩ cm-
1) and annealed with a H2 flame prior to use.
54 Chemicals were purchased from Sigma-Aldrich 
(St. Louis, MO) and were used without further purification. All solutions were prepared in an Ar 
glove box with [O2] < 1 ppm. 1 M
 LiClO4 (battery grade, 99.99%) in propylene carbonate (PC), 
and 1:1 volume ratio of ethylene carbonate, dimethylene carbonate (EC:DMC) formed the elec-
trolyte solutions. Li metal foil (Sigma-Aldrich) was used as counter and reference electrodes. 
Potentials are reported with respect to Li/Li+. 
MALDI-TOF analyses were performed using a Voyager-DE STR mass spectrometer 
(Applied Biosystems) with a mass range of 500-300,000 Da. The instrument is equipped with a 
nitrogen laser (337nm, 3 ns pulse, and 20 Hz maximum firing rate.) All measurements were 
made using linear mode and the positive ion was recorded.  Samples were prepared by adding 2 
µl of DHB (2,5-dihydroxy benzoic acid) to the surface of the corresponding electrode material 
after electrochemical measurements were completed. 
  Au-covered glass substrates (ARRANDEE Precious Metal Coated Substrates) annealed 
with a H2 flame prior to use
54 were used for MALDI-TOF MS measurements. Electrochemical 
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measurements were performed using a CH Instruments 760D Electrochemical Workstation (Aus-
tin, TX) and a three electrode cell under an Ar atmosphere at a scan rate of 1 mV/s. 
The electrochemical cell for stress measurements is shown in Figure 3.1 The cell was 
sealed in an Ar atmosphere after securing a cantilever in front of a quartz window. The cantilever 
is mounted in the electrochemical cell (Figure 3.1) by clamping it between a Teflon support and 
a Au contact. The Au contact touches the front side of the cantilever.  
Stress data was collected at different potentials using a scan rate of 1 mVs-1, starting at 
2.00 V using a CV-27 (BASi West Lafayette, IN) to control the potential. The surface stress 
change was recorded using an optical stress measurement setup described previously.55,56 Canti-
lever curvature (C) is measured as previously described.31 Stability was optimized by modulating 
the beam position at 133 Hz and detecting this modulation using a lock-in amplifier as previous-
ly described.  Both the surface stress changes and the electrochemical data were recorded using a 
home-built program written using LabVIEW (National Instruments, Austin, TX). For a scanning 
beam width of ca. 4 mm in air, this setup can detect cantilever radius changes between ca. ± 
1400 m and ±2.5 m. 
The difference in the surface stress of the two sides of a bending cantilever can be meas-
ured by using the bending curvature C of the cantilever.  Stoney’s equation57 relates the change in  
interfacial stress, Δg, between the front (t) and backside (0), Δg = gt – g0 : 
 
2t 0g  g – g
6(1 )
Yt C

  

 3.1 
where Y is the Young’s modulus (=75.9 GPa for the glass substrate), t is the cantilever thickness, 
ν is the Poisson ratio (= 0.22) of the cantilever material, and C is the cantilever curvature.  In or-
der to have accurate surface stress values based on Stoney’s equation, the length of the cantilever 
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should be greater than its width, and the width should be much larger than cantilever’s thick-
ness.55  
Refractive index of the electrolyte solution were measured on a Refracto 30GS (Mettler 
Toledo) and were found to be 1.4275 ± 0.0001 for 1 M LiClO4/PC. 
3.2.2 Computational Details 
First principles density functional theory (DFT) calculations were carried out using the 
plane-wave code VASP58 with supplied Projector Augmented Wave potentials for core elec-
trons.59 The GGA-PBE60 functional was used to treat exchange-correlation. We used kinetic en-
ergy cutoffs of 400 eV for the plane wave basis set, and Monkhorst-Pack61 k-point grids with 
sufficient density to converge total energies to 3 meV/atom.  
DFT calculations were done on a slab model of the 3  3 Au (111) surface with 9 Au at-
oms per layer, 3-5 Au layers and a vacuum of at least 12 Å in thickness. Two layers of Au were 
fixed at the equilibrium fcc lattice positions to simulate the surface of a bulk crystal. Two types 
of models were considered: overlayer models, and substitutional models, to model the possibili-
ties of upd and surface alloying, respectively. Overlayer models consist of monolayers at differ-
ent coverage of Li on top of Au. Substitutional models consist of a mixture of Li and Au on Au 
lattice sites in the top 2-3 Au layers.  
For overlayer models, we obtained energetically favorable configurations by performing 
a genetic algorithm optimization. For each surface coverage, we initialized a population of 20 
members in which the Li atoms are distributed randomly on the Au surface. DFT ionic relaxa-
tions were carried out, first with the Li atoms at a fixed vertical distance above the Au surface 
and Au atoms fixed, then with the Li vertical distances and Au atomic coordinates also relaxed. 
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At the end of each generation, from all the configurations previously calculated, 20 members 
with the lowest energies were selected as parents for the next generation. To produce the off-
spring configurations, binary combinations of Li positions, in either direction parallel to the sur-
face, were generated from the parents. In 20% of the members of each population, mutations 
were introduced by randomized lateral displacement of one of the Li atoms. For each surface 
coverage, the genetic algorithm was carried out for 5 generations and the lowest energy configu-
ration was used to construct the surface phase diagram. The surface phase diagram consists of 
plots of formation energies (E = ELi-Au  EAu  nLiLi) vs. the Li chemical potential (Li) for the 
lowest energy configuration of each coverage, where nLi is the number of Li atoms in the compu-
tational cell. Intersections of the plots give the values of Li where coverage changes, from which 
the corresponding voltages can be deduced (V = (Li  Li,bulk)). 
For substitutional models, we considered 70 different configurations with some Au atoms 
replaced by Li atoms in the slab model described above. Five configurations consist of a single 
Au atom replaced by a Li atom on the surface or subsurface layers. For 15 of the configurations, 
the replaced atoms form nearest-neighbor (NN) pairs, next-NN pairs, or NN or next-NN triplets. 
We also considered 50 random substitutional configurations in the top 2 layers with different Au-
rich compositions. The total energies of these 70 configurations were calculated, and a cluster 
expansion62  was performed to determine the energetics of the Li-Li and Li-Au interactions as 
well as surface effects. 
For each DFT calculation, the stress on the computational cell ij was calculated in 
VASP. The surface stress due to the Li atoms was calculated as an excess stress63 using 
 
Au surface with Li Au surface
ij ij ij c ( )     3.2 
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where c is the thickness of the computational cell. The diagonal components of the surface stress 
along the two surface directions are averaged to obtain the reported values. 
3.3 Results  
3.3.1 Stress Measurement before Full Lithiation 
 Figure 3.2 shows a comparison between steady state electrochemical and stress meas-
urements on Au obtained from a solution containing 1M LiClO4/PC over a potential range be-
tween 2.0 V and 0.3 V. Water and other contaminants reduction mainly occur in the first few cy-
cles, after which surface is equilibrated to the steady state.  Surface stress changes in the steady 
state show a reversible behavior with no residual stress observed at the end of an electrochemical 
cycle. The voltammetry (Figure 3.2a) shows a series of features at ca. 0.75 V and 0.5 V on the 
cathodic scan along with a feature at ca. 1.0 V on the anodic scan.  The feature at 0.3 V is close 
to the onset of bulk lithiation (ca. 0.2 V),52 while the feature at 0.5 V on the cathodic scan  and 
1.0 V on the anodic scan have been ascribed respectively to the underpotential deposition (upd) 
of Li and its stripping on the Au surface.51,52  Cyclic voltammograms presented here agree with 
previously reported results.52,64,65 
The corresponding stress measurement (Figure 3.2b) shows that the stress is compressive 
as the potential becomes more cathodic, approaching 0.3 V.  The compressive stress reaches a 
value of 6.9 ± 0.3 Nm-1.  Assuming that the stress is developed over ca. 6 equivalent monolayers 
of Li (vide infra) this corresponds to biaxial stress of 3.9 ± 0.1 GPa.  As the potential is cycled 
back to 2.0 V, the compressive strain is removed, and the stress returns to its original value.  Re-
peated cycling between these potential limits yields stress data similar to that found at steady 
state. Compressive stress was also observed during deposition of Pb66,67, Bi47, Al48, and Cu on 
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Au(111) surfaces. Cu upd in the presence of sulfate exhibits compressive stress, after an initial 
tensile change in surface stress due to anion removal from the surface.39,44,68-70 Adsorption of an-
ions may affect the surface stress through charge transfer, as was suggested on Au and Ag surfac-
es.46,71 However, anion adsorption by itself is likely not relevant in the potential region examined 
here. 
The derivative of the stress with respect to potential is shown in Figure 3.2c.  The deriva-
tive shows that the stress is not simply monotonic, but rather exhibits changes in slope which are 
ascribed to different electrochemical processes occurring on the Au surface. This behavior is dif-
ferent from that found in simpler upd systems.46 Indeed, inflections in stress data are found in 
other complicated electrochemical situations.46,71-74  The first derivative of surface stress with 
respect to potential exhibits features similar to the voltammetry, however the sign is changed.46,73 
The derivative of the surface stress with respect to the potential in part represents the change in 
surface charge density.46,71,75  
 Compressive stress during lithiation of Si thin films, Si(100), and graphite based anode 
materials was previously reported.6,7,15,16,76 During delithiation a tensile change in surface stress 
was observed. Indeed, Si(100) surfaces showed plastic deformation and cracking during delithia-
tion. Changes in surface stress measurements in Si(100) during lithiation showed ca. 500 Nm-1 
compressive stress, and ca. 800 Nm-1 tensile stress during delithiation. Dividing these values by 
the thickness of the amorphous layer, leads to a value of ca. 0.5 GPa compressive stress during 
lithiation, and ca. 2 GPa tensile stress during delithiation.6 Stress measurements obtained from 
amorphous silicon also showed ca. 3 GPa,15 and ca. 1.5 GPa16 compressive stress during lithia-
tion. Stress measurements on graphite based anodes revealed a maximum compressive stress of 
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10-12 MPa7 and 250 MPa8 during lithiation. There is an intrinsic uncertainty as to the thickness 
of the active electrode material which complicates direct determination of biaxial stress.7  
3.3.2 Electrochemical Analysis 
The complex behavior found in Figure 3.2C motivated reexamination of the voltammetry 
of Li on Au in this potential region.  Figure 3.3A shows a series of voltammograms where the 
lower potential limit is varied.  When the potential of reverse is 0.92 V, there is no corresponding 
anodic feature related to the cathodic current seen in the voltammetry.  This immediately sug-
gests that the cathodic current is not associated with Li upd, but rather with some other reductive 
process. Moving to a more negative potential (0.8 V) does not reveal new features in the anodic 
scan. When the lower potential limit is changed to 0.62 V, an additional reductive feature at ca. 
0.75 V is present, and on the anodic scan a feature at ca. 1.0 V is present. This anodic feature be-
comes more intense as the lower potential limit moves to more negative potentials. When the low 
potential limit is changed to 0.3 V, a sharp cathodic feature at ca. 0.5 V is observed, with an asso-
ciated charge of   ca. 1200  μC/cm2 which has been ascribed to Li upd.51,52  However, since there 
is no new anodic feature associated with the sharp cathodic peak at ca. 0.5 V, this feature cannot 
be assigned to Li upd. Reductive anion or solvent interactions with the Au surface are likely ori-
gins of this peak. Figure 3.3b shows electrochemical analysis of a Au surface in 1M LiClO4 in 
PC, between 2V to respectively 0.62V and 0.3V at a scan rate of 1mV/s. The 1 mV/s voltamme-
try shows similar cathodic features at ca. 0.75V, and 0.5V. 
Coulometric analysis of the anodic stripping peak at ca. 1.0V (Figure 3.3b) reveals a 
charge of 1100 ± 400 μC/cm2.  Assuming a hexagonal close packed Li structure (atomic radius = 
145 pm empirically77)  and one electron per Li atom, this charge corresponds to 6 ± 2 monolay-
ers of Li. Clearly, these charges are too large for this peak at 1.0 V to be associated with only 
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stripping a Li monolayer from the surface. Changing the lower potential limit to values more 
positive than 0.75 V after cycling a surface to potentials more negative (where Li deposition oc-
curs) does not reveal any feature at 1.0 V, which suggests deposited Li is removed completely at 
the stripping peak. 
In order to evaluate the effect of the anion and solvent on the electrochemistry, we per-
formed cyclic voltammetry analysis of a Au surface in an 1M Lithium tetrafluoroborate (LiBF4) 
in n-buthylmethylimidazolium tetrafluoroborate (BMIMBF4) solution (Figure 3.3c). This ionic 
liquid is thought to be resistant to reductive events at potentials approaching Li bulk alloy for-
mation.78,79 The CV in Figure 3.3c exhibits one major cathodic feature at ca. 0.75 V and an anod-
ic feature at ca. 1.0 V, similar to that found in the LiCl4/PC system. This suggests that the reduc-
tion of perchlorate or propylene carbonate causes the cathodic features at ca. 0.5 V and 0.8 V in 
LiClO4 /PC solution. Additionally since the same cathodic feature at ca. 0.5 V is observed in a 
solution of LiClO4 in a 1:1 mixture of ethylene carbonate and dimethyl carbonate, this peak like-
ly originates from perchlorate reduction. The deposition feature at 0.75 V and the corresponding 
stripping at 1.0 V are then likely due to Li deposition and alloying with the Au surface.  Surface 
film formation and Li deposition in LiClO4 PC solutions in the potential region between 2.0 V 
and 0.8 V were previously reported using in-situ STM.65 Both single layer and multilayer surface 
alloy formation has been seen in other systems,80-82 e.g. Tl/Ag,83 Al/Au(111)48 and multilayer 
Li/Al surface alloy.84  The origin of this peak is likely not Li monolayer upd. 
3.3.3 First Principles Analysis of the Pre Full Lithiation Region 
For our initial models, which consist of partial and full overlayer configurations, the low-
est-energy configurations for coverage from 1/9 to 1 ML on the 33 Au (111) surface, as ob-
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tained from the genetic algorithm described above, are shown in Figure 3.4. The calculated equi-
librium interatomic distance in bulk Li is 3.06Å, compared to 2.96Å for gold, a sufficiently small 
(3.5%) lattice mismatch that the most energetically favorable configuration found for one mono-
layer (ML) coverage is a pseudomorphic layer.  For intermediate coverages (5/9 and 7/9 ML), 
some disruption of the surface Au atoms is observed after relaxation. In fact, due to the propensi-
ty for Li and Au to alloy, the genetic algorithm leads to the mixing of Li and Au layers unless 
constraints are applied to prevent such mixing.  
The surface phase diagram constructed from the lowest-energy configurations at different 
coverages is shown in Figure 3.5a, and the deduced voltage curve in Figure 3.5b. We find that 
from 1/9 to 2/3 ML coverage, the Li overlayer models give voltages between 1.1 and 0.3 V.  The 
full monolayer model is found to give a voltage of approximately zero, which means that it is 
unfavorable compared to bulk Li-Au alloy formation (see discussion below).  We also investigat-
ed models with 2-5 ML Li, and found that these phases do not appear stable on the surface phase 
diagram. Since the formation energy of additional Li layers arranged in any configuration must 
be non-negative (with respect to metallic Li), the deposition of multiple overlayer of Li alone 
does not occur at a positive voltage. Therefore, the 62 monolayer equivalent of Li found exper-
imentally must involve non-Li reactions and/or Li-Au surface alloy formation.  
The stress for the overlayer models, calculated from equation (3.2), is plotted against the 
Li coverage and potential in Figures 3.5c and 3.5d. We find that the overlayer models for Li are 
associated with a compressive (negative) surface stress, as found in our measurements. The mag-
nitude of the stress increases with increasing coverage, which corresponds to decreasing voltage, 
in a trend also consistent with the measurements. The calculated maximum magnitude of the sur-
face stress (~3.5 N/m) is somewhat smaller than that found in the experiment within the same 
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voltage range at 0.3 V (6.9 N/m).  However, the stress induced by other surface processes, such 
as ion or electrolyte adsorption and SEI formation, has not been taken into account in our model.  
Since the CV indicates deposition of multiple monolayers of lithium, while calculated 
energetics of overlayer models do not show that multiple monolayers of Li can be deposited on 
the Au surface in the voltage range shown in the experiments, we investigate surface alloy mod-
els. Figure 3.6a shows an example of the substitutional models as described in Section 2.2. Lithi-
um is substituted for Au atoms in various positions in the top 2 layers of the Au surface slab 
model. A cluster expansion is constructed including point, pair, and triplet cluster terms. Surface, 
subsurface, and cross-surface-subsurface clusters are treated separately, to account for the effect 
of the surface on the energetics. A least square fit performed on the total energies of the 70 struc-
tures to the 16 parameters yields a root-mean-squared error of 15 meV, showing that the energet-
ics are well described by the cluster expansion. Figure 3.6b shows a plot of the total energies in 
the cluster expansion vs. the DFT calculated energies, demonstrating good agreement.  
Table 3.1 lists the fitted parameters (the effective cluster interactions, ECIs) of the cluster 
expansion. The point and pair terms are included, while the triplet terms are less than 0.01 eV in 
magnitude and are neglected. We can see that Li substitutions in the surface and subsurface lay-
ers lower the energy substantially (the ECIs are negative), with subsurface substitution being 
more favorable. In fact, substitution in the first subsurface layer is already similar in energy to Li 
substitution for Au in the bulk (~ -1.5 eV). A calculation performed with a thicker slab model of 
substitution in the second subsurface layer yields essentially the same result. Nearest neighbor 
pairs raise the energy slightly, by similar amounts (~0.15 eV), regardless of whether the Li is on 
the surface or subsurface. The second nearest neighbor terms are of order 0.05 eV. Taken togeth-
er, the cluster expansion shows that Li entering the bulk Au is energetically favorable, more so in 
  
55 
the interior than on the surface, with electrostatics dictating that the Li atoms be dispersed away 
from each other. 
The above cluster expansion results suggest that the energies of overlayer models can be 
lowered (and therefore the voltage increased) if some Li atoms enter the Au layers as substitu-
tions. While it is difficult to determine the lowest energy structure for a combined overlayer and 
substitutional model, we can estimate the energetics based on the energies of the overlayer mod-
els and cluster expansion. For 1 to 5 monolayers of Li on the surface of Au, assuming a total of 6 
monolayer equivalent of Li with the balance in substitutional sites, and no Li-Li nearest neigh-
bors (Li is well dispersed within the Au layers), the average formation energy per Li ranges from 
-1.3 to -0.3 eV, suggesting a voltage range of 1.3 to 0.3 V. A higher concentration of Li reduces 
these voltages by a few tenths of a V. These voltages are in reasonable agreement with the CV. 
The broadness of the reductive feature may indicate that formation of some of these structures 
may be limited by the diffusion of Li through the Au or electrolyte. The voltage is higher (ener-
getically more favorable) for Li in substitutional sites rather than in overlayers. A possible sce-
nario is that Li atoms are mostly deposited in overlayers, diffuse into the Au layers, and are then 
removed from the surface alloy. This scenario may explain why the oxidative feature is at a high-
er voltage than the reductive feature. The stress introduced by Li substitution is smaller in magni-
tude than that introduced by Li overlayers, so the calculated stress is still an underestimation of 
the measured values. The discrepancy could be due to surface adsorbed species.  
In order to explore surface alloy models beyond substitutional ones, we perform ab initio 
molecular dynamics (AIMD) simulation of the overlayer structures (1 monolayer) in Figure 3.6, 
relaxing the constraint used in the genetic algorithm that Li must stay on top of the Au surface. 
Using AIMD, the overlayer models are heated to and annealed at 500K for 6 ps. The resultant 
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structure is relaxed and the total energy and stress computed. The most energetically favorable 
structure is shown in Figure 3.6c, showing both Au adatoms on the surface and Li atoms in the 
subsurface layer. Essentially, Li and Au atoms have exchanged positions within the first two sur-
face layers. Each surface Au adatom is bonded to 6 Li atoms. The formation energy for this 
structure is -0.98 eV per Li, showing that the voltage of formation of this structure is around 1 V. 
Structures like this can thus be responsible for the Li stripping peak at 1 V.  
3.3.4 Full Lithiation 
 Figure 3.7a shows the CV associated with Li bulk alloy formation. Li-Au bulk alloy for-
mation start at ca. 0.2 V, and Li bulk dissolution and decomposition of Li-Au alloy can be seen in 
two separate peaks at the anodic scan in 0.35 V and 0.45 V.  The magnitude of the bulk process is 
seen by the more than two orders of magnitude larger current density associated with this process 
relative to the surface alloy formation discussed in Figure 3.3 The voltammetry shown in Figure 
3.6a is consistent with previous reports.52  The current passed during this processes results in the 
deposition of 400 equivalent monolayers of Li, substantially more than the value found at more 
positive potentials. 
Figure 3.7b shows the stress measurement corresponding to the Li deposition and strip-
ping process.  Similar to what was observed previously surface stress becomes compressive as 
the potential becomes more negative (Figure 3.7b). In the anodic scan two distinct tensile fea-
tures in the surface stress corresponding to Li bulk dissolution and decomposition of Li-Au alloy 
are observed, most prominently in the derivative shown in Figure 3.6c. The derivative of stress 
with potential also shows an inflection point at ca. 0.22 V right before bulk lithiation.  Surfaces 
cycled to 0.15 V show a compressive stress of 9.7 ± 0.8 N m-1 at this potential, which corre-
sponds to 0.19 ± 0.02 GPa, assuming full lithiation of Au thin film. Although there is substantial-
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ly more Li deposited in this potential region, Li bulk alloying develops only an additional 
2.8 N m-1 of compressive stress relative to surfaces cycled to 0.3 V, which showed ca. 6.9 N m-1 
of compressive stress. 
Figure 3.7b also shows that while the surface develops compressive stress during deposi-
tion, residual tensile stress is observed when the potential is returned to 2.0 V. This behavior is in 
contrast to that found when the cathodic limit was only 0.3 V.  Interestingly, continued cycling of 
the Au surface in LiClO4/PC results in more residual tensile stress on the surface at the end of 
each electrochemical cycle until the 4th cycle, as shown in Figure 3.8 (a, b). After three cycles the 
Au electrode exhibits significant residual tensile stress on the surface.  
Figure 3.8c and 3.8d are voltammetry and stress measurements obtained from a solution 
containing 1M  LiBF4 in BMIM BF4.  As described above, the ionic liquid BMIM BF4 is ex-
pected to be stable even at potentials approaching 0V.  The voltammetry shows the expected 
lithiation wave commencing at ca. 0.2 V.  While the currents reported in Figure 3.8c are smaller 
than those found in carbonate, due to the slower scan rate and higher viscosity attendant voltam-
metry in the ionic liquid, coulometry shows that the degree of Au lithiation is only a factor of 2 
less than that in the carbonates.  The corresponding stress measurements show that lithiation is 
accompanied by compressive stress, as expected, the magnitude of which is similar to that found 
in the carbonate-based electrolyte.  De-lithiation and returning the potential to 2.0 V leads to near 
recovery of the initial stress state of the Au electrode, without any residual tensile stress.  This 
behavior was found on the initial potential sweep, and reproduced for at least 5 cycles subse-
quently.  The ionic liquid solvent does not lead to residual tensile stress. 
3.3.5 Potential Dependent MALDI-TOF MS Measurements 
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 One possible origin of the residual stress observed following bulk lithiation of the Au sur-
face is the SEI. We showed that long chain oligomerized species form on Au surfaces after a 
lithiation/delithiation cycle down to 0.15 V in both LiClO4/PC and LiClO4/EC:DMC.
30 The oli-
gomerized species have mass ratios as high as 3500 m/z in PC after 5 electrochemical cycles.  
In order to further investigate the effect of the formation of oligomerized species on the 
observed surface stress changes, we performed MALDI-TOF measurements on Au surfaces 
emersed at different potentials during the cathodic and the anodic scans. Figure 3.9a-c shows 
MALDI-TOF MS measurement obtained from Au surfaces emersed at 1.0 V, 0.3 V, and 0.15 V 
on the cathodic scan.  The MS does not show evidence for long chain oligomers from surfaces 
emersed at these potentials, i.e. there are no features with mass ratios higher than 1000 m/z.  
On the anodic scan, however, features associated with solvent oligimerization were ob-
served.  Figure 3.9d-f shows MALDI-TOF obtained from Au surfaces emersed at 0.2 V, 1.0 V, 
and 2.0 V.  The figures show oscillations in the MS associated with the presence of long chain 
oligomerized species with mass ratios as high as 2500 m/z.  Interestingly, these features are 
found only during the delithiation process following cathodic scan down to 0.15 V.   
3.4 Discussion 
The results in this chapter provide insight into the formation of stresses on the Au surface 
during both surface alloy and bulk lithiation.  The results show that while surface alloy formation 
with Li results in reversible compressive stress on the Au surface, full lithiation results in com-
pressive stress followed by the presence of residual tensile stress.  The presence of the tensile 
stress is associated with SEI formation and the presence of long chain polymers on the Au sur-
face. 
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3.4.1 Surface Alloy Formation Voltammetry 
Analysis of the voltammetry showed that Li deposition onto Au proceeds in two distinct 
phases.  At more positive potentials, a Li-Au surface alloy forms between ca. 0.75 V and 0.2 V as 
is supported by detailed calculations above.  Additional features in the voltammetry are associat-
ed with solvent and/or electrolyte decomposition.  At more cathodic potentials Au-Li bulk alloy-
ing occurs. Potential dependent surface alloy formation has been observed previously in 
Cd2+/Au, Cd2+/Ag85 and Al/Au.48 Place exchange processes between adsorbate adatoms and sub-
strate atoms can cause surface reconstruction, which can be viewed as an initial step to the sur-
face alloy formation.85  
Au surfaces exhibit irreversible lithiation30,52 and change in surface color at potentials 
where bulk Li deposition occurs, while surfaces cycled to potentials higher than bulk alloying 
remain quite reversible in term of lithium exchange and do not change color.  It is likely that the 
bulk alloy process, which shows substantially higher charges, occurs through the vacancies of the 
disordered surface alloy. This requires that the diffusion occurs through surface vacancies of the 
formed surface alloy, and high concentrations of such vacancies are available for the diffusion. 
Cd2+/Au and Cd2+/Ag systems showed similar behavior, in which a relatively fast alloy formation 
was observed, where a relatively slow process is expected for the penetration of the adatoms into 
bulk substrate atoms.85 
3.4.2 Surface Stress Magnitudes of Surface and Bulk Processes 
 Surface stress values observed in the surface alloy formation region account for a higher 
portion of the total compressive stress observed when cycling Au surfaces to 0.15 V, i.e. ca. 6.9 ± 
0.3 N m-1 when cycling to 0.3 V, corresponding to 3.9 GPa and 9.7 ± 0.8 N m-1 when cycling to 
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0.15 V, corresponding to 0.19 GPa. As was shown above, Li/Au exhibits potential dependent sur-
face alloy formation.  Higher stress values in the surface alloy formation region can be attributed 
to full or partial lithium overlayers on the Au surfaces and in the corresponding Au-Li surface 
alloy, possibly interacting in the topmost layers of the surface. However, during bulk lithiation, 
Li interacts with bulk Au atoms, resulting in stress distribution in volumes beyond the topmost 
layer of the electrode.  Additionally surface reconstruction and creation of surface vacancies dur-
ing surface alloy formation process can also contribute to the high compressive stress observed 
in this more positive potential region. 
3.4.3 Origin of Residual Tensile Stress on the Au Surface 
When cycling Au surfaces to 0.15 V residual tensile stress at the end of an electrochemi-
cal cycle is observed. The observed residual tensile stress is correlated with the formation of the 
SEI on the Au surface during first few cycles. This observation agrees with our previous results 
showing significant SEI development during the first few cycles.30 These results show that the 
SEI is formed and stabilized during the first few electrochemical cycles on Au surfaces.30  Inter-
estingly, when the carbonate solvent is replaced by the ionic liquid BMIM BF4 which does not 
form SEI oligomers on the Au surface (MALDI measurements reveal no oligomeric species), the 
residual stress is not found.  This observation strongly supports the conclusion that the SEI oli-
gomer formed from the carbonate is responsible for this stress. 
Figure 3.11 is a cartoon showing the development of the surface stress on Au surfaces in 
two different potential regions. Au surfaces cycled to surface alloy formation potential regions 
show a reversible behavior in the surface stress i.e. there is no residual stress at the end of an 
electrochemical cycle (Figure 3.10a). When cycling to potentials in the range of bulk alloy for-
mation and deposition (0.15 V) a residual tensile stress is observed at the end of an electrochemi-
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cal cycle. Long-chain oligomers are formed during delithiation of a Au surface as shown in Fig-
ure 3.9. Formation of the long chain oligomers of the SEI causes a contraction on the surface, 
which is associated with the observed residual tensile stress (Figure 3.10b). This result shows a 
SEI induced surface stress, i.e. specifically for surfaces with a SEI containing long chain poly-
mers. 
3.5 Conclusions 
 We show that surface stress changes on a model anode material are determined both by 
the degree of lithiation and by the cycle history, specifically as this history influences SEI for-
mation.  At positive potentials, between ca. 0.75 V and onset of Li bulk alloy formation (ca. 0.2 
V), a Li-Au surface alloy is formed, as suggested by DFT calculations.  Compressive stress de-
velops as Li coverage increases in the surface alloy. Approximately 2/3 of the ultimate surface 
stress load (i.e. a pressure of 3.9 GPa) develops in this surface alloy region.  This stress load is 
reversibly removed on delithiation and restoration of the clean Au surface. Cycling to the poten-
tial of bulk Li deposition yields a pressure of 0.19 GPa which is only 1/3 greater than that devel-
oped in the surface alloy region likely due to the greater depth over which lithiation occurs. In 
this case, residual tensile stress is observed upon delithiation, the origin of which is the SEI 
which forms on the surface just as delithiation is initiated. This residual stress is not present in an 
ionic liquid solution, a solution in which oligomerization reactions do not occur. These SEI oli-
gomers are retained on the Au surface and contribute to increasing tensile stress as the electrode 
is cycled between bulk Li deposition and +2.0 V.   
Control of the SEI through additives or by changing the solvent will undoubtedly con-
tribute to increases in battery lifetime by decreasing or altering surface stress formation.  
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3.7 Figures and Tables 
 
Figure 3.1 (color online) Electrochemical cell used for measuring surface stress changes in the 
cantilever, showing the location of the reflection of the laser from the surface. 
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Figure 3.2 (a) Cyclic voltammetry of a Au surface in 1 M LiClO4/PC cycled from 2.0 V to 0.3 V 
at a scan rate of 1 mV/s, (b) corresponding surface stress changes, and (c) first derivative of sur-
face stress change with respect to the surface potential. 
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Figure 3.3 (color online) Analysis of surface alloy formation on Au surfaces. (a) 2 V to 0.3 V 
potential region with different switching potentials at scan rate of 0.5 mV/s, (b) and 1 mV/s in a 
LiClO4 PC solution. (c) 2 V to 0.45 V voltammetry in a LiBF4 BMIM BF4 solution.  
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Figure 3.4 (color online) Lowest energy configurations, found by a genetic algorithm, of over-
layers of Li (green) on the Au (gold) (111) surface, at 1/9 to 1 monolayer (ML) coverage. The 
black outline shows the 33 unit cell. 
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Figure 3.5 (color online) (a) Surface phase diagram, (b) voltage curve, and (c) stress vs. Li cov-
erage for overlayer models of Li on Au (111). 
(a) 
(b) 
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Figure 3.6 (color online) (a) An example of substitutional model for Li-Au surface alloy; (b) 
Cluster expansion vs DFT energies for the substitutional models; (c) Most energetically favora-
ble non-substitutional surface alloy model, obtained by ab initio molecular dynamics from Figure 
3.4 (7/9 ML). 
(a) 
(b) 
(c) 
(b) 
(b) 
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Figure 3.7 (a) Cyclic voltammetry of a Au surface in 1 M LiClO4/PC cycled from 2.0 V to 0.15 
V at scan rate of 1 mV/s, which shows Li bulk alloy formation (b) corresponding surface stress 
changes, and (c) first derivative of surface stress changes with respect to the surface potential. 
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Figure 3.8 (color online) (a) Cyclic voltammetry of a Au surface in 1 M LiClO4/PC cycled from 
2.0 V to 0.15 V (vs. Li/Li+) at scan rate of 1 mV/s, which shows Li bulk alloying for first 4 cy-
cles (b) corresponding surface stress changes. (c) Cyclic voltammetry of a Au surface in 1M 
LiBF4 BMIM BF4 cycled from 2.0 V to 0.15 V at scan rate of 0.5 mV/s, and (d) corresponding 
surface stress changes. 
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Figure 3.9 Potential dependent MALDI-TOF MS of Au surfaces in 1 M LiClO4/PC after emer-
sion at different potentials on the cathodic scan, a: potential range of 2.0 to 1.0 V (vs. Li/Li+), b: 
potential range of 2.0 to 0.3 V (vs. Li/Li+), and c: potential range of 2.0 to 0.15 V (vs. Li/Li+), 
and on the anodic scan, d: potential range of 2.0 to 0.15 to 0.2 V (vs. Li/Li+), e: potential range of 
2.0 to 0.15 to 1.0 V (vs. Li/Li+), and f: a complete cycle. 
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Figure 3.10 (color online) (a) Reversible surface stress changes with a minimum potential of 0.3 
V, and (b) residual tensile stress with a minimum potential of 0.15 V. 
 
  
78 
Table 3.1 Fitted parameters (effective cluster interactions) for the cluster expansion, showing the 
energetics of various Li substitution on Au sites. 
Position Type Energy (eV) 
Surface Point -1.20 
Subsurface Point -1.56 
Surface nearest neighbor pair 0.13 
Surface 2nd nearest neighbor pair 0.03 
Subsurface nearest neighbor pair 0.15 
Subsurface 2nd nearest neighbor pair -0.002 
Surface+subsurface nearest neighbor pair 0.17 
Surface+subsurface 2nd nearest neighbor pair 0.007 
Surface+subsurface 3rd nearest neighbor pair -0.006 
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Chapter 4 
 
Influence of Oxides on the Stress Evolution and Reversibility during SnOx Conversion and 
Li-Sn Alloying Reactions  
Reproduced from a version accepted for publication 
Tavassol, H.; Cason, M.; Nuzzo, R.; Gewirth, A. A. Advanced Energy Materials 
 
4.1 Introduction 
The Li ion battery is widely considered the energy storage technology of choice for 
portable electronics and electric vehicles.1,2 While substantial progress in Li ion battery 
technology has been realized, further enhancements in capacity are necessary to fully realize its 
potential, particularly for vehicular or grid applications.3 
Research directed at increasing the capacity of Li ion batteries has many components, 
areas where in varying degrees, important advances have been made.  One area seeing 
substantial progress is the anode (or the negative electrode) of the battery.  Of particular interest 
are metallic and semiconducting materials that alloy with Li in stoichiometries that can 
substantially increase capacities in both gravimetric and volumetric terms relative to the 
presently used graphite material.4 Among these, Sn and Si are particularly attractive as they form 
alloy phases with high Li content (more than 4 Li atoms per Sn/Si atom).5-7 Volume changes and 
subsequent cracking of these alloy phases has long been an issue precluding their adoption. 
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Sn anodes form Li4.4Sn alloys in their fully lithiated state, corresponding to a theoretical 
capacity of 994 mA h g-1.8 The performance of Sn-based anodes suffers from long-term 
instability and therefore a lack of capacity retention. The capacity fade is associated with two 
major factors: i) dramatic volume changes and resulting accumulative stresses, as a consequence 
of the higher Li capacity;6,9-11 and ii) the effect of the presence of SnOx, and the resulting 
electrochemical and mechanical changes that it mediates in the electrode materials. 9,12,13  
Metallic Sn undergoes the following alloying reaction during lithiation:8 
Sn + xLi+ + xe− ↔ LixSn (0 ≤ x ≤ 4.4).  (4.1) 
In the presence of oxides (i.e. SnO and SnO2) , additional lithiation and conversion 
reactions occur at potentials more positive than those for metallic Sn-Li alloying: 
SnO2 + 2Li
+ + 2e− → SnO + Li2O  (4.2) 
SnO + 2Li+ + 2e− → Sn + Li2O.  (4.3) 
SnOx lithiation forms a Li2O matrix as SnOx reduction to zero valent Sn occurs. During 
this process, crystals of zero valent Sn grow within the Li2O matrix.
14 Including the conversion 
reaction, the maximum capacity of this system is 8.4 Li for each Sn atom. Irreversible oxide 
conversion reactions are believed to lead to irrecoverable capacity loss for Sn in the presence of 
oxygen.8,15 It is also believed that most of these conversion reactions fully and irreversibly occur 
during the first cycle.16 
A promising direction for progress in using Sn-based anodes for Li-ion batteries centers 
on forming composite nanostructures with improved capacity retention.6,9,11,12 Such materials are 
designed to buffer the dramatic volume changes that occur during lithiation-delithiation.  The 
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effect of the presence of oxides on the stability of Sn materials in these composites during 
cycling remains poorly understood.   
Here, using in-situ electrochemical stress measurements, we assess the influence of the 
presence of oxygen in Sn and SnOx containing thin films on their cyclability and stability during 
lithiation. The surface stress measurements provide important new insights into changes 
occurring at the Sn electrode during lithiation, and oxide conversion reactions. Well-separated 
nanostructured metallic films exhibit optimized activity only when sufficient inter-particle 
distances for expansion and contraction during cycling is provided. In the presence of oxides, we 
find evidence suggesting that lithiation and conversion of SnOx components demonstrate a quasi-
reversible attribute during steady state cycling. During these electrochemical reactions not all of 
the oxygen content is irreversibly converted to Li2O. In-situ stress measurements record the 
effects of formal Li2O delithiation processes, which we show likely involves an intimate contact 
with Sn-containing phases. These results when taken together provide new principles for the 
design of nanostructures of Sn-based anodes to improve electrochemical performance. 
4.2 Results and Discussion 
In this work, we evaluated different types of Sn-based anodes with varying oxygen 
content. Anodes were prepared through electrodeposition in solutions with (‘oxygen-rich’) and 
without (‘oxygen-deficient’) dissolved oxygen, and by electron-beam evaporation (‘metallic’).  
The relative content of oxide and metallic Sn was controlled by the presence of the dissolved 
oxygen in the deposition solution. In the presence of oxygen, the oxygen reduction reaction 
(ORR) at the interface causes local pH changes, resulting in deposition of SnO2 at the deposition 
potential.17 The surface oxygen content of the different electrodes was evaluated by using X-ray 
photoelectron spectroscopy (XPS) as shown in Figure 4.1.  The position of the XPS peaks is a 
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sensitive function of the oxidation state of Sn in the film, with more metallic character denoted 
by the core-level peaks appearing at lower binding energies.18-20 
XPS analysis of the surfaces of the Sn deposits (Figure 4.1) shows that all the films 
studied here exhibit features corresponding to SnOx.  In the ‘metallic’ film (Figure 4.1a), XPS 
shows evidence of Sn0 and Sn2+ and Sn4+ features. These same features are found in the ‘oxygen 
deficient’ film (Figure 4.1b), with slightly less Sn2+ relative to the ‘metallic’ film (55% vs. 50%) 
found in the fit.  Alternatively, the ‘oxide rich’ film (Figure 4.1c) exhibits almost no evidence for 
Sn0 and shows what is fit to be mostly (71%) Sn4+ (and 27% of Sn2+). The oxide seen in the 
‘metallic’ film likely results from surface oxidation of the material following transfer through air 
to the XPS or from other adventitious sources.20,21 Because of surface oxidation, quantitation of 
the degree of oxidation of Sn films using XPS is known to be difficult.20-22 
More quantitative information concerning the degree of oxidation of the Sn thin films is 
obtained from first cycle cyclic voltammograms. The first cycle CV data obtained from the 
‘metallic’, ‘oxygen-deficient’ and ‘oxygen-rich’ films (Figure 4.1d,e, f) exhibit reduction features 
between ca. 0.7 and 0.5 V vs. Li+/0 (marked in gray in the CV), which are associated with the 
presence of SnOx in the films.
8,9,23,24 At more negative potentials new features appear; the 
reduction wave at 0.4 V is associated with the formation of LixSn alloys.   The anodic scan 
exhibits features associated with delithiation of the film.8,23 The cyclic voltammetric data of the 
Sn anodes presented here agree with previous reports.24-27  Analysis of the CV data presented in 
the Figure 4.1 reveals that the relative amount of the oxide phase present in different films varies 
in a ratio of 1.0:2.9:5.0 between the ‘metallic’ to ‘oxide-deficient’ to ‘oxide-rich’ films.   Thus, 
the ‘metallic’ film is nearly oxide free, while the ‘oxide-rich’ film is likely predominantly 
composed of SnO2. 
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4.2.1 Stress Changes in Li Ion Battery Anodes 
Atomic redistributions and structural changes occurring during electrochemical processes 
results in surface energy and stress changes, which can be monitored using thin film stress 
measurements.28,29 Here we explain some of these effects, particularly as they relate to anode 
materials for a Li ion battery. Anion adsorption, surface charges, and underpotential deposition of 
metal cations contribute to the stress changes manifested in thin film electrochemical 
systems.28,29 More relevant to batteries, structural and volume changes during Li exchange are 
major contributors to the changes in stress. Figure 4.2 illustrates a representative anode material 
as it undergoes lithiation/delithiation during cycling as it relates to stress changes. At positive 
potentials (e.g. 2.0 V vs. Li+/0), Li+ ions do not strongly interact with the anode material. As the 
potential moves to more negative values and approaches 0.0 V vs. Li/Li+ -- the potential at which 
formation of metallic Li occurs -- Li+ is deposited on or into the electrode through a variety of 
mechanisms including surface and bulk alloying, formation of intermetallics, and intercalation.  
In metallic or semiconducting anodes, Li+ deposition/alloying leads to anode amorphization. This 
deposition/alloying of Li+ results in expansion of the atomic structure of the host anode to 
accommodate the added Li. As shown in Figure 4.2, this expansion of the host atoms results (by 
the convention of definition adopted in cantilever-based stress measurement) in a compressive 
stress experienced over the entire anode. Anode materials exhibiting greater Li capacity 
experience more dramatic host atom redistribution and consequently higher stress during 
lithiation.  For example, Si anodes experience higher compressive stress upon lithiation 
compared to materials which are able to host fewer Li atoms such as graphite and Au.29-31  When 
Li is removed from the substrate, the compressive stress may be released (Figure 4.2), depending 
on the ductility of the host.  Delithiation may also result in additional contraction and 
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development of surface pillars and cracks. This contraction results in a tensile stress (Figure 4.2). 
In this chapter, compressive stress is represented by a negative-going stress change, while tensile 
stress is a positive-going stress change. 
4.2.2 Stress Evolution in Metallic Sn Films 
Figures 4.3 a-f show cyclic voltammetry, corresponding surface stress changes and 
scanning electron microscopy (SEM) images obtained for the ‘metallic’ Sn film during the first 
three cycles between 2.0 to 0.1 V. As a consequence of the island-growth mechanism, deposition 
of an ultra-thin Sn film results in well-separated Sn particles decorating the Cu substrate (Figure 
4.3d). The CV obtained from the second and third cycles (Figure 4.3a) exhibits a cathodic peak 
at ca. 0.7 V (β) associated with the initial stages of lithiation and formation of a low Li-content 
LiySn alloy (as also suggested by earlier reported theoretical calculations
23).  In the potential 
range between 0.4 and 0.5 V, the voltammetry again shows cathodic features associated with the 
formation of high Li content alloys (LiySn, y > 1).  On the anodic scan, delithiation occurs in a 
series of discrete steps.23,27  
 Stress measurement made during the lithiation of the ‘metallic’ Sn film (comprised of 
well separated particles) are shown in Figure 4.3b.  The initial stages of lithiation, occurring at a 
potential of ca. 0.7 V are associated with development of compressive stress, as expected since 
deposition and alloying processes result in increasing compressive stress as the Li content 
increases.28,29 Sweeping to progressively more negative potentials results in an increase in 
compressive stress resulting from formation of high Li content LiySn alloys.  As noted above, 
compressive stress is found during many deposition processes.28-33 Interestingly, on delithiation, 
the stress becomes tensile and then relaxes to the original value at ca. 0.9 V.  In Si anodes tensile 
stress during delithiation is accompanied by the formation of cracks on the surface and the 
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tensile stress observed during delithiation of crystalline Si is retained at the end of the cycle.30 In 
other Li anode materials such as Au, tensile stress is also retained at the end of the cycle, a result 
attributed to the formation of an SEI layer34 on the electrode surface.29  
SEM images (Figure 4.3d-f) help to clarify the origin of the tensile stress observed during 
the delithiation of the ‘metallic’ Sn film, and its relaxation as the potential moves to more 
positive values.  Initially, the film consists of separated Sn deposits on the Cu surface (Figure 
4.3d).  As a consequence of the delithiation process, the film motif is transformed via the 
formation of surface pillars and porous structures as the Li-containing Sn anode dealloys. Porous 
structures are evident in the image of a surface emersed at 0.8 V (Figure 4.3e). This result is 
consistent with the observation that bicontinuous porous structures form during dealloying of Li-
Sn alloys.35 Additionally, it has been reported that Sn surfaces exhibit the formation of pillars and 
cracks following cycling.30,36  The release of tensile stress at potentials more positive than 0.9 V 
means that the Sn surface has relaxed. As porous structures relax at more positive potentials, 
tensile stress is also removed, and indeed the image shown in Figure 4.3f exhibits a marked 
consolidation of the evolved structures at the end of the cycle.  This transformation of the porous 
material suggests that the Sn atoms are relatively mobile and, at least during initial cycles, the 
porous structures are not stable at anodic potentials. 
Figure 4.3c shows the derivative of the stress with respect to the potential plotted vs. 
surface potential. Initial stages of lithiation and formation of the low content LiySn alloys (y < 1) 
are clearly evident at ca. 0.7 V. Interestingly, formation of high Li content LiySn (y > 1) alloys 
are accompanied by two features corresponding to different alloy phases. During the anodic 
sweep, the derivative of the stress shows three discreet de-alloying phases, as is also seen in the 
voltammetry.  Thus, the surface stress measurement follows the voltammetry closely in this case. 
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In order to probe the effect of inter-particle distances on the stress evolution in metallic 
Sn films, we evaluated films with increasing particle sizes and surface coverages. Figures 4.4a-k 
show electrochemical stress measurements made on thin films with increasing surface coverage, 
and their corresponding SEM images (Figures 4.4g-k). Metallic films with lower Sn coverages 
and smaller particles show sharper features in their CV data (Figure 4.4a), relative to those with 
higher Sn coverages (Figure 4.4b, c).  During the cathodic sweep, features corresponding to the 
initial stages of lithiation are present at ca. 0.7 V (β) for all the films. Features corresponding to 
the formation of the high Li content LiySn alloys also appear at similar potential regions (at ca. 
0.4 V) for all coverages. The CV data of the films measured during the anodic sweep reveal no 
major differences, with the de-alloying occurring in similar discreet steps for all the metallic 
films studied. Cycling further yields only small changes in the voltammetry data measured for 
the two lowest coverage of Sn films. Data for the highest coverage film (Figure 4.4e), however 
exhibits a nearly continual decrease in current density with cycle number. 
The nature of the stress evolution seen for the metallic Sn films is revealed in the data 
shown in Figures 4.4d, e, and f. As expected, all metallic films experience compressive stress as 
the high Li content alloys form at ca. 0.4 V. As surface coverage becomes denser and the particle 
sizes increase, a tensile feature develops at ca. 0.2 V. These tensile features appear while high Li 
content LiySn alloys continue to form. It should be noted that this behavior was not observed for 
the metallic film with well separated particles (Figure 4.3). Interestingly, in the film with the 
highest surface coverage, development of this tensile stress stops before the end of lithiation. We 
believe that the appearance of these tensile features during formation of the LiySn alloys is 
associated with lithiation induced volume expansion and resulting contact between adjacent 
particles. The film with little or no spacing between the particles (Figure 4.4f), experiences more 
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dramatic fracturing and ultimately the film delaminates from the substrate surface, leading to the 
capacity loss seen in the voltammetry. 
4.2.3 Evolution of Stress in the Presence of SnOx 
The presence of oxides in the Sn anodes results in electrochemical conversion reactions 
wherein SnOx in the presence of Li makes metallic Sn and LiO2 (Reactions 4.2 and 4.3).
9,24 As 
shown above, these reactions occur at potentials more positive than the early stages of LiySn 
formation (gray area in Figure 4.1d, e and f). Cyclic voltammetry of the 1st and 2nd cycles 
acquired from an ‘oxygen-rich’ film are shown in Figure 4.5a. In the 1st cathodic sweep, the 
voltammetry of this film shows a pair of irreversible features at ca. 0.7 V (Α, Β), which are 
associated with the oxide conversion reactions (Reactions 4.2, 4.3).8,24 In subsequent cycles, 
these features are replaced with less intense cathodic features (α, β). Similar to what was 
observed in the ‘metallic’ Sn films, formation of high Li content LiySn (y > 1) alloys occurs at ca. 
0.4 V. On the anodic sweep, de-alloying can also be seen in discreet steps, ones similar to what 
was observed in ‘metallic’ films. Two features at ca. 0.70 V and 0.77 V are evident, which are 
ascribed to the de-alloying of high Li content LiySn alloys. An anodic feature at ca. 0.85 V is 
assigned to the de-alloying of low Li content LiySn alloy. Unlike the case with the ‘metallic’ Sn, 
an additional feature (α’) at ca. 1.0 V is present in the ‘oxygen-rich’ Sn voltammetry.  
Figure 4.5b shows the corresponding potential-dependent stress changes of the ‘oxygen-
rich’ Sn film. Compared to stress changes seen in the ‘metallic’ films, the presence of oxides 
results in major changes in the evolution of electrochemical stress. In particular, the ‘oxygen 
rich’ Sn film reveals a notable compressive feature at ca. 0.7 V, followed by a high-magnitude 
tensile feature. The compressive-to-tensile transition noted here occurs in the same potential 
region as the irreversible feature observed in the voltammetry (Figure 4.5a). Because of this 
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correspondence, the compressive to tensile transition is most likely related to the oxide 
conversion reactions and the formation of zero valent Sn.  
Initially, the compressive stress associated with lithiation of SnOx is similar to what is 
found with other Li+ deposition processes.29 As the SnOx conversion reactions to form LiO2 and 
zero valent Sn advance further, the conversion of SnOx to Sn results in a material transition 
causing a tensile stress that follows the early compressive feature. Prior work has shown that 
LiO2 domains form in these reactions that segregate to the surface of the film.
12,15 The metallic 
Sn component is retained in the electrode.  Metallic β-Sn exhibits a volume of 27 Å3 per Sn atom 
while SnO2 and SnO have volumes of 36 Å
3 per Sn and 35 Å3 per Sn, respectively.37,38  Thus 
metallic Sn at most occupies 35% less volume per Sn atom compared to tin oxide, which is the 
ultimate origin of the tensile behavior evidenced during the conversion reaction.  Interestingly, 
the tensile stress resulting from the conversion reaction dominates the compressive stress 
deriving from Sn film lithiation.  As the potential is swept to more negative values, this tensile 
stress is reduced, most likely due to the compressive interactions resulting from lithiation of what 
is now a more metallic Sn film. Indeed as shown in Figure 4.3, lithiation of the ‘metallic’ Sn 
films resulted in a compressive stress starting at ca. 0.4 V.   
The presence of oxides in the Sn also alters the stresses experienced by the electrode 
during the anodic sweep.  The major effect is that as the potential is swept in a more positive 
direction, the stress again becomes compressive.  This behavior stands in marked contrast to 
what was seen with the ‘metallic’ film, where tensile stress developed on delithiation. As the 
potential is swept anodically, we do not expect more Li to be incorporated in the film. Rather, 
dealloying of high Li content alloys, and reformation of the low Li content LiySn alloys, is 
occurring. The origin of this compressive stress component during delithiation of the oxide films 
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must be due to the incorporation of more material into a partially delithiated metallic film while 
Li2O and other lithiated oxygen domains are present. As potential is swept in more positive 
direction, starting at ca. 0.5 V, the stress changes return to the expected trend of being tensile. At 
these potential ranges (0.5 – 0.8 V) a fully delithiated metallic Sn film is reformed, as lithiated 
oxygen domains (Li2O) are still present.  
In contrast to what was observed in the metallic Sn (Figure 4.3b), in which a tensile stress 
state starts to relax at ca. 0.8 V, the oxide films continue to develop tensile stress until reaching a 
maximum value at ca. 1.0 V. We note that the cathodic voltammetric feature α, and its 
corresponding anodic feature α’, are only found in the presence of oxides, and most importantly 
are retained in the second and subsequent cycles. Hence, the Li2O domains should be delithiating 
at this stage as new oxygen containing phases form. These observations provide evidence for at 
least partial reversibility 24,39 in the oxide conversion and lithiation reactions.  
Interestingly, Figure 4.5b shows the presence of residual tensile stress at the end of the 
first cycle, in contrast to what was observed with the ‘metallic’ film. There are two possible 
origins for this behavior.  First, the delithated, partially oxided Sn film may be unable to relax 
following delithiation in contrast to the behavior seen with the ‘metallic’ film.  Second, the 
tensile stress may be reflective of the tensile stress built up during the irreversible portion of the 
conversion reactions occurring on the cathodic sweep.  
 In-situ electrochemical stress analysis during lithiation of oxided Sn films and 
comparison with the metallic Sn behavior suggests that initially a multi-step electrochemical 
reaction mechanism occurs in which the SnOx/Li conversion is operative: 
SnOx + 2x Li
+ + 2x e- → x Li2O + Sn + y Li+ + y e- ↔ LiySn (0 ≤ y ≤ 4.4) + x Li2O (4.4) 
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Voltammetric analysis of the region assigned to the conversion reactions reveals that only 
ca. 45 % of the charge exchange in this region in the first cycle (A and B in Figure 4.5a) are 
recovered in the subsequent cycles (α and β in Figure 4.5a). 
In subsequent cycles, the initial irreversible conversions are followed by oxide-related 
reversible lithiation/delithiation reactions, which can be written formally as: 
LiySn (0 ≤ y ≤ 4.4) + x Li2O - y e- ↔ y Li+ + z (< x) Li2O + Sn - 2z e- ↔ 2z Li+ + SnOz (LizOzSn + 
z Li+).  (4.5) 
Delithiation of Li2O in the presence of Sn ultimately leads to the reformation of at least 
some form of oxide (SnOz) and/or mixed-valence oxide phases (SnLizOz), possibly by transfer of 
oxygen from Li2O to Sn, which occurs after partial delithiation of Li2O. The details of bonding 
between Li, Oxygen and Sn and the stability of any mixed-valence oxide or tin oxide phases 
remain unknown. We note that since these electrochemical stress effects occur in the potential 
region assigned to the SnOx/Li conversion reactions, these reactions may exhibit partial 
reversibility. Breakage of the Li-O bond (bond strength = 3.47 eV)40 and recovery of Li+ is 
thermodynamically difficult. There is precedent, however, for extraction of Li from Li2O during 
delithiation of nanosized oxide materials such as MnO2, Fe2O3, and other transition metal 
oxides.41-48 We suggest that the nanosized particles used here also give rise to the partial 
conversion reaction reversibility seen with other oxides, especially since bulk tin oxide 
structures8,16,49 do not show reversibility in recovery of Li+ from Li2O at this potential region.  
Analysis of the charges exchanged at steady state during oxide related (α peak) and metallic Sn 
features reveals that 29 ± 2 % of Sn are bound with oxygen. In any event, the stress 
measurements and voltammetry all suggest reformation of some form of oxided Sn material. 
4.2.4 Steady State Electrochemical Stress Evolution of Sn Anodes: Influence of Oxygen 
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Figures 4.6a-f show voltammetry and corresponding stress changes of metallic and oxide 
containing films measured at steady state (cycles 3 to 8).  
Steady state voltammetry data for the metallic Sn film are shown in Figure 4.6a. During 
the cathodic sweep, the β feature at ca. 0.7 V, corresponding to the formation of low Li content 
LiySn alloys, is present. Features corresponding to the formation of high Li content LiySn alloys 
also appear at more negative potentials (0.5-0.4 V). During the anodic sweep, de-alloying of the 
LiySn occurs with voltammetric characteristic appearing as discreet steps. As noted above, the 
anodic feature at ca. 0.85 V (β’) corresponds to the de-alloying of low Li content LiySn alloys. 
Metallic Sn films with well separated particles exhibit good stabilities in their CV data (8 cycles 
shown here), suggesting little or no potential-dependent degradation. 
The “metallic” film (Figure 4.6d) initially exhibits a compressive stress starting at ca. 0.7 
V, corresponding to the formation of a low Li content LiySn alloy. The rate of the compressive 
stress formation increases at ca. 0.4 V, a point corresponding to the onset of the formation of high 
Li content LiySn alloys. During the anodic sweep, the surface stress becomes tensile as de-
alloying of the LiySn occurs. As the system is cycled, both the degree of compressive stress seen 
on lithiation and the tensile stress evidenced on delithiation drops. The origin of this behavior is 
likely the development of porous features in the Sn film, which reduces the buildup of stress 
during both lithiation and delithiation of the particles as the films are cycled more.  
The origin of the porous structures form in the delithiated Sn anodes, is likely a 
consequence of the high Li mobility in the LiSn alloy.  The LiySn alloy system exhibits relatively 
high Li mobility in solid state with diffusion constants between 10-7-10-8 cm2 s-1, 50,51 especially 
compared with the other high capacity anodes, such as Si (diffusion constants are ca. 10-9-10-14 
cm2 s-1).33,52,53 Interestingly, it has been shown that surface diffusivity of metals,54 as well as the 
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length scale of the evolved porous structures during Li dealloying35 correlate with the 
homologues temperature, 1/TH =
 Tm/T298 K (Tm: metal melting point) of the substrate. Systems 
with relatively low melting point, such as Sn (1/TH = 1.5) show increased porosity length scale 
formed during dealloying. As 1/TH increases as in Au (4.5), Cu (4.5), Si (5.6), and Pt (6.8) 
porosity length scale found after delithiation drops accordingly.35 We expect that other substrates 
with relatively low melting point (such as Pb, Cd and Bi) will also exhibit tensile stress 
development during delithiation. 
SEM images (Figure 4.7) show that the Sn particles, while originally compact, expand 
and become more porous with cycling. The evolution of the ‘metallic’ microstructures of the Sn 
particles with potential during the first cycle, and the development of the more porous structures 
with further cycling are shown schematically in Figure 4.7. This behavior suggests that given 
enough room to expand, cycled Sn particles might lithiate and delithiate with little adverse 
structural changes.  We are presently examining the consequences this insight might have for the 
design of nanostructured Sn-based anodes. 
Steady state voltammetry of the ‘oxygen-deficient’ and ‘oxygen-rich’ films, shown in 
Figures 4.6b and c, exhibit similar features. During the cathodic sweep, a feature at ca. 0.85 V 
(α) is present. The metallic Sn film does not exhibit any features in this potential range. At more 
negative potentials, ca. 0.70 V, a cathodic feature (β) is present. This β feature is found in all 
three Sn-containing films and (as has been noted) is associated with the formation of low Li 
content LiySn alloys. Similar to what is found with the ‘metallic’ film, features corresponding to 
the formation of high Li content LiySn alloys appear at more negative region, in the 0.5-0.4 V 
potential range. During the anodic sweep, de-alloying of LiySn occurs in discreet steps, an 
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interpretation consistent with the voltammetry data for the metallic films. The anodic feature at 
ca. 0.85 V (β’) corresponds to the de-alloying of low Li content LiySn alloys.  
At more positive potentials (i.e. ca. 1.0 V), the anodic feature α’ is present in the 
voltammetry of the oxided films. The α’ peak corresponds to the α peak, observed during 
cathodic sweep of oxide containing films.  The oxide related features α and α’ are ascribed to the 
reversible oxygen related lithiation/delithiation reactions (Reaction 4.5). These features appeared 
to be stable over long-term cycling and are maintained in the later cycles, confirming partial 
reversibility in oxide electrochemical processes. 
Figure 4.6e shows stress changes during cycling of the ‘oxygen-deficient’ Sn film. 
Interestingly, as potential is swept cathodically, compressive stress starts to develop at ca. 0.85 V, 
a potential more positive than that found in the metallic films. The ‘oxygen-rich’ film also 
exhibits the initial development of a compressive stress at the same potential region, i.e. at ca. 
0.85 V (Figure 4.6f). This early stage compressive stress observed in the oxided films is 
associated with oxide lithiation and the formation of lithiated oxygen phases (Reaction 4.5). 
Following this initial lithiation behavior, both the oxygen deficient and oxygen rich films exhibit 
tensile stress, associated with the conversion reactions, as discussed above.  
Both oxided films exhibit a drop in the magnitude of the tensile transition seen following 
the initial development of compressive stress. The rate of the drop in the magnitude of the 
compressive-to-tensile feature varies with oxygen content. While the ‘oxygen-rich’ film 
(Figure 4.6f) exhibits a constant magnitude decrease, the ‘oxygen-deficient’ film shows a rapid 
drop in the intensity of the feature associated with the conversion of the oxidized Sn to the zero-
valent Sn. Interestingly, the transition to tensile stress disappears in the cycled ‘oxygen-deficient’ 
films, while the compressive feature at 0.85 V remains (Figure 4.6e). 
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As the initial stages of the LiySn alloy formation occur (at ca. 0.6 V) both oxided films 
develop compressive stress. At more negative potentials, ca. 0.30 V, tensile stress appears again. 
Formation of higher Li content LiySn alloys in the presence of Li2O domains will contribute to 
the tensile stress development. This correspondence agrees with the picture presented by the 
derivative of stress in the metallic Sn film (Figure 4.3c), as a feature corresponding to a different 
alloy phase is present at ca. 0.30 V.  The ‘oxygen-deficient’ film exhibits a more pronounced 
tensile transition at ca. 0.30 V, likely due to the higher metallic character of the film. 
During the anodic sweep, both ‘oxygen-deficient’ and ‘oxygen-rich’ films initially exhibit 
compressive stress when the potential is swept anodically, a finding that is likely due to the de-
alloying of high Li content LiySn alloys, and reformation of the partially delithiated metallic Sn 
in the presence of the Li2O domain. As delithiation of the Li-Sn alloy advances, stress becomes 
tensile again in the potential range between 0.35 to 0.50 V. Tensile stress reaches its maximum at 
ca. 1.0 V, corresponding to the oxide related α’ feature. This observation provide evidence for the 
delithiation of the lithiated oxygen containing phases, since the development of the delithiation 
induced tensile stress continues even following full delithiation of the metallic phases. 
Figure 4.8 shows SEM images of cycled oxide films. Evolution of the oxided particles 
occurs with cycling, as particles irreversibly expand. ‘Oxygen-rich’ particles form more 
extensively expanded structures, likely due to their higher oxygen content which results in more 
irreversible formation of Li2O domains.  Figure 4.8 (bottom) illustrates a structural model of the 
evolution of the oxided particles, where particles initially contract due to the conversion 
reactions. Oxided particles evolve into expanded structures, as porous structures are developed 
and irreversible conversion reactions occur with additional cycling. 
The steady state in-situ electrochemical stress analysis of the oxided Sn films suggest that 
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the reduction and lithiation and consequently the delithiation and partial reformation of new 
phases of oxygen-containing Sn occur with some degree of reversibility (Reaction 4.5). 
 4.3 Conclusions 
This work shows that stress development, both initially and over long time cycling, 
depends intimately on the amount of oxygen contained in the film. Lithiation of the ‘metallic 
films’ causes compressive stress, as expected. Upon cycling, metallic films show a number of 
surprising features. In particular, the amount of stress associated with lithiation and delithiation 
of well-separated metallic particles decreases with cycle number, due to the formation of a 
porous, easy to lithiate, material. 
In contrast, the stress developed by the oxided Sn materials is much more complicated. 
This analysis shows that stress is dominated by the SnOx conversion reactions leading to the 
formation of Sn (metal) and Li2O (or other Li oxides).  The electrochemical stress records the 
effect of lithiation of the SnOx material, the conversion reaction, and the lithiation of the resultant 
Sn metal, while following a multi-step electrochemical mechanism.  Long term cycling shows 
that the effect of the presence of oxides is not completely removed.  In particular oxided films 
exhibit at least partial reversible compressive-to-tensile transition at potentials where the 
conversion reaction occurs.  The existence of reversible behavior is likely associated with partial 
delithiation of Li2O during anodic sweep, likely due to the presence of nano-sized particles.  In 
turn, this means that not all the oxygen in the film is intractably bound up by lithium. 
Overall, this work shows that the in-situ electrochemical stress analysis is exquisitely 
sensitive to changes occurring on the electrode, and provides insight into the design principles of 
more applicable and stable Sn-based anodes.  Some of the processes reported here lead to only 
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marginal alteration of the voltammetry, but the intrinsic structural and volume changes as 
materials evolve is well-captured by the electrochemical stress. 
4.4 Experimental Section 
Preparation of the Au electrodeposition substrates were previously reported.29 Chemicals 
were purchased from Sigma-Aldrich (St. Louis, MO) and were used without further purification. 
All solutions were prepared in an Ar glove box with [O2] < 1 ppm. All experiments were 
performed in 1 M LiClO4 (battery grade, 99.99%) in propylene carbonate (PC) solution. Li metal 
foil (Sigma-Aldrich) was used as counter and reference electrodes. Potentials are reported with 
respect to Li/Li+. Scan rates of 1.0 and 0.5 mV s-1 are used for electrochemical studies. 
Sn electrodeposited on Au/glass substrates were prepared by electrodeposition from 
deaerated and under air solutions containing 10 mM SnSO4 (95+%, Aldrich, St. Louis, MO) in 
0.5 M H2SO4 (Optima 93-98%, Thermo Fisher Scientific, Waltham, MA), using a CH 
Instruments 760D electrochemical workstation (CH, Austin, TX). A H2 flame-annealed Pt wire 
was the counter electrode and a “no leak” Ag/AgCl (Cypress Systems, Lawrence, KS) was the 
reference. Sn electrodeposition in the 10 mM SnSO4/0.5 M H2SO4 solution was performed at -0.6 
vs. Ag/AgCl. The E-pH diagram of Sn55-57 shows that a metallic Sn film is initially deposited at 
this potential. From the coulometry associated with the deposition, the thickness of the Sn layer 
on the Au substrate was ca. 500 nm.  Immediately following deposition, electrodes were rinsed 
with Milli-Q water, and transferred to a Ar atmosphere glove box in order to assemble the 
electrochemical cell used for surface stress measurements.  
Metallic Sn films were prepared by Sn metal deposition onto glass coverslips using 
electron beam evaporation (Temescal). The coverslips were cleaned with acetone and isopropyl 
alcohol and blown dry with nitrogen. A copper metal layer of 20 nm was deposited prior to Sn 
evaporation to ensure conductivity and adhesion of the Sn. Deposition rates and thicknesses were 
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controlled by a quartz crystal microbalance (QCM). Metallic Sn films with thicknesses of 100 
nm, 300 nm, 600 nm, and 900 nm, as determined by QCM were prepared and evaluated. Sn 
particle densities were controlled in the e-beam evaporation of the films, by total coverage and 
deposited thickness. Scanning electron microscopy (SEM, Hitachi 4700) was used to examine Sn 
film morphologies as prepared and at various states of charge or discharge. Initial particle sizes 
of the as-deposited Sn spanned from sub-micron particles for the 100 nm deposition to nominally 
continuous Sn films at 900 nm. 
XPS analyses were performed using a Kratos AXIS spectrometer with monochromatic Al 
Kα (1486.6 eV) X-ray source. Au 4f peak was used as reference for correcting the binding 
energy values of the spectra initially. The position of the 3d5/2 peak of Sn in the metallic film was 
484.9 eV, which is in close agreement with the previously reported value of 484.8 eV.18,58 In all 
electrodes, the zero valent Sn 3d5/2 peak was calibrated to the value of 484.8 eV.
18 Binding 
energies of the Sn 3d5/2 levels of Sn
2+ and Sn4+ at 486.7 and 487.3 eV are also in good agreement 
with previous reports.20,22,56 
The electrochemical cell and optical setup used for the electrochemical surface stress 
changes measurements were described in details previously.29,59,60 
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4.6 Figures and Tables 
 
 
 
Figure 4.1 XPS analysis and 1st cycle cyclic voltammetry of (a,d) ‘metallic’ Sn, (b,e) ‘oxygen 
deficient’ Sn, and (c,f) ‘oxygen rich’ Sn anode materials.  
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Figure 4.2 Atomistic and structural changes in a representative anode material during 
lithiation/delithiation cycles and resulting stress changes (left). Electrode/cantilever changes 
resulted from stress development in the active thin film (right).   
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Figure 4.3 (a) Cyclic voltammetry (1st: black, 2nd: red, and 3rd: grey), (b) corresponding surface 
stress changes, and (c) derivative of the surface stress with respect to the potential, cathodic 
(solid line) and anodic (dashed line) are shown. (d), (e), and (f) show SEM images of evaporated 
Sn samples emersed at different potentials, the scale bar represents 2 µm. 
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Figure 4.4 Cyclic Voltammetry (a), (b), and (c) and corresponding surface stress changes (d), 
(e), and (f) of three evaporated Sn samples with increasing coverage and particles density. (g), 
(h) and (k) show SEM images of the three Sn samples. 
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Figure 4.5 (a) Cyclic voltammetry and (b) corresponding surface stress changes (1st and 2nd 
cycles, black and red lines respectively) of “oxygen-rich” Sn anode. 
 108 
 
 
 
 
Figure 4.6 Steady state voltammetry (a), (b), and (c) and corresponding potential dependent 
stress changes (d), (e) and (f) acquired from Sn anode materials with varying oxygen contents: 
“oxygen-rich”, “oxygen-deficient”, and “metallic” Sn. 
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Figure 4.7 (top) SEM images of ‘metallic’ Sn of as evaporated film, during 3rd cycle delithiation 
(at ca. 0.8 V), and after 6 cycles of lithiation/delithiation (scale bars represent 5 µm).   (bottom) 
Cartoon showing expansion of the Sn particle following delithiation and then collapse of the 
delithiated particle at 2.0 V.  Subsequent cycling leads to a permanently expanded particle (void 
spaces try to better exhibit the development of the porous structures). 
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Figure 4.8 (top) SEM images of (a) ‘oxygen-deficient’ Sn film, and (b) ‘oxygen-rich’ Sn film 
after one, and five cycles of lithiation/delithiation (scale bars represent 5 µm). (bottom) Cartoon 
showing evolution of the SnOx particle during conversion, lithiation, delithiation, and 
subsequent cycling.   
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Chapter 5 
 
Defect Evolution in Graphene upon Electrochemical Lithiation 
Reproduced from a version under review 
Laila Jaber-Ansari, Kanan P. Puntambekar, Hadi Tavassol, Handan Yildirim, Alper Kinaci, 
Rajan Kumar, Spencer Saldana, Andrew A. Gewirth, Jeffrey P. Greeley, Maria K. Y. Chan, and 
Mark C. Hersam, ACS Applied Materials & Interfaces 
 
5.1 Introduction 
Graphene and graphene-based composites have attracted significant attention as electrodes in 
lithium ion batteries.1–8 For example, the high surface area and electron mobility of graphene 
results in rapid charge transport during electrochemical cycling, which makes it suitable for high-
power battery applications.9–11 Furthermore, the superlative mechanical strength and resilience of 
graphene sheets allows them to be utilized as a conducting support network for high-capacity 
materials, such as silicon, that undergo large volume changes during lithiation and 
delithiation.11,12 In addition, the solid-electrolyte interphase (SEI) on graphene is similar to 
graphite, which is well-established in conventional lithium ion batteries and can be tuned by the 
appropriate choice of electrolyte.13,14 Despite the substantial interest in this area, the interaction 
of graphene with lithium ions as well as electrolyte species during electrochemical cycling is not 
fully understood.   
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Lithium intercalation through graphene is commonly attributed to a defect-mediated process due 
to the high diffusion barrier of lithium ions through the pristine basal plane of graphene.15–17 In 
particular, several theoretical studies show that Li ions are not likely to interact strongly with the 
basal plane of defect-free graphene and that chemisorption is only possible at defect sites.18–21 
Studies of lithium interaction and diffusion on graphene with topological defects such as Stone-
Wales (SW), double vacancies (DV), and single vacancies (SV)16,17,22 suggest attractive Li 
interaction with the vacancies, possibly enhancing Li adsorption.16 Additionally, graphene 
functionalization with F, O, and H species have been of high interest.23–27 However, the 
formation of defects upon Li adsorption to graphene and the relationships between topological 
defects and functionalization with electrolyte species such as O and F have not been previously 
studied. 
 Graphene films used in lithium ion batteries, especially for graphene-based composites, are 
commonly in the form of reduced graphene oxide (rGO),28,29 which is a highly functionalized 
and defective form of graphene.30 Thus, the early stages of defect formation in graphene during 
electrochemical cycling cannot be observed in such cases due to the high background defect 
concentration level. In contrast, we use a monolayer film of graphene grown by chemical vapor 
deposition (CVD) in order to observe the early stage defects. This method yields monolayer 
graphene with low defect density over large areas that can be transferred to arbitrary substrates.31  
Raman spectroscopy has been extensively used for characterizing graphene.32 Specifically, it 
probes the effects of deformation such as tensile and compressive strain,33,34 as well as physical 
and chemically-induced defects such as vacancies and chemical functionalization.35–37 However, 
previous reports of Raman characterization of electrochemically lithiated graphene have been on 
silicon oxide38 and copper39 that show minimal or no lithiation. On the other hand, we choose 
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single crystal Si(111) substrates due to their high lithium capacity,29,40,41 enabling significant 
lithium intercalation through the graphene that has been transferred on the Si(111) surface. The 
ultra-flat surface of Si(111) also facilitates uniform transfers of the monolayer graphene film over 
large areas and surface sensitive characterization. 
Using Raman spectroscopy, we show a systematic evolution of the defectivity in a single-layer 
CVD graphene film on Si(111) as a function of electrochemical cycling, which can be separated 
into two distinct phases. In the first phase, a rapid increase in graphene defect level is detected 
for small increments in the number of lithiation/delithiation cycles until the I(D)/I(G) ratio 
reaches ~1.5-2.0 and the 2D peak intensity drops by ~ 50%, after which in the second phase, the 
Raman spectra show minimal changes upon further cycling. A corresponding DFT study 
explores the interplay between graphene topological defects and chemical functionalization in 
order to provide insight into the experimental results. For example, DFT shows that graphene 
defects can act as active sites for adsorbates (Li, O, and F) and that this chemical 
functionalization lowers defect formation energies. In this respect, active sites with specific 
adsorbates act as nuclei for extended defects. However, the experimental results show that the 
defects do not propagate indefinitely as a function of electrochemical cycling.  Consequently, 
this positive feedback loop between defect formation and chemical functionalization appears to 
continue only up to a defect concentration where lithium diffusion through the graphene can 
occur in a relatively unimpeded manner, thus minimizing further degradation upon extended 
cycling.  
 
5.2 Experimental and Computational Methods 
5.2.1 Sample Preparation 
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Monolayer graphene films were grown on Cu foil using chemical vapor deposition (CVD). 
Initially, 80 μm thick Cu foil was cleaned with acetone and isopropanol. The Cu foil was then 
electropolished in a 3:1 by volume mixture of H3PO4 (85%) and poly(ethylene glycol) at an 
applied voltage of 2.0 V for 30 min. After electropolishing, the residual acid on the Cu foil was 
neutralized using a 1% ammonia in water solution and rinsed with deionized water. The Cu foil 
was then placed in a CVD tube furnace and pumped down to ~30-50 mTorr. An Ar:H2 (4:1) gas 
mixture was used to flush the system, raising the total pressure to 100 mTorr. The temperature 
was then linearly increased to 1000°C in 1 hr. At 1000°C, 10 sccm of methane was added, which 
increased the pressure to 300 mTorr. The sample was held at this condition for 30 min, during 
which graphene growth occurred. After the growth step, the reactor was cooled to 800°C in 15 
min, and the methane flow was discontinued. The system was then allowed to rapidly cool to 
room temperature.  
After CVD growth, the graphene on the back of the Cu foil was cleaned using reactive ion 
etching.42 Poly(methyl methacrylate) (PMMA) was then spin coated on top of the Cu 
foil/graphene at 2000 rpm. The PMMA was left to dry on the sample for at least 6 hr at room 
temperature. The Cu was subsequently etched in Marble’s reagent (8 g CuSO4, 50 mL H2O, 50 
mL HCl) for ~4 hr. Once all of the Cu was etched from the film, the PMMA/graphene was rinsed 
3 times using deionized water baths to remove any remaining Marble’s reagent. The 
PMMA/graphene film was then gently transferred onto a Si(111) substrate with a surface native 
oxide.  The Si(111) substrates were diced to 5 mm x 5 mm size, rinsed with isopropanol, and 
dried prior to the graphene transfer. The graphene films were sized larger than the silicon 
substrates to ensure that they wrapped around the edges of the Si on all sides. The samples were 
air dried and then placed in a vacuum oven for 15 min at 115oC and another 3 hr at 65oC to 
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remove residual water from the transfer and improve graphene adhesion to the substrate. The 
samples were subsequently immersed in an acetone bath for at least 4 hr, rinsed with acetone and 
isopropanol, and then annealed in an Ar:H2 (4:1) gas mixture for 3 hr at 350
oC to remove the 
PMMA. 
 
5.2.2 Electrochemical Cycling 
For ex situ characterization, the monolayer graphene coated Si(111) substrates, henceforth 
referred to as “G-Si”, were electrochemical cycled in a coin cell set-up. In particular, the cycling 
was performed in MTI 314 stainless steel coin cells using lithium metal as the counter electrode 
and Celgard 2320 and Whatman glass fiber separators. The electrolyte was 1 M LiPF6 
(Novolyte) in 1:1 by volume ethylene carbonate and dimethyl carbonate (Novolyte, Sigma 
Aldrich). All coin cells were galvanostatically cycled at a current of 35-40 × 10-6 A/cm2 between 
0.025 V and 2 V using an Arbin BT2143 battery tester.  A series of samples were generated at the 
first (0.5, 1, and 5 cycles) and second (20, 50, and 70 cycles) phase of electrochemical cycling. 
The 0.5 cycle sample was subjected to a single lithiation cycle from open circuit voltage to ~100 
mV.   
After cycling, the coin cells were opened in an Ar filled glove box, with < 1 ppm oxygen 
and moisture content, to remove the G-Si substrates. The surface of the sample was rinsed with 
isopropanol to remove residual electrolyte and gently dried by placing upside down on a 
Kimwipe. The samples were then removed from the glove box for ex situ Raman 
characterization. 
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For Ar atmosphere Raman measurements, the monolayer graphene film was transferred 
onto a Si(100) substrate with a 100 nm thick silicon oxide, henceforth referred to as “G-SiO2”. 
The silicon oxide substrate is chosen to mitigate the signal loss due to the quartz window of the 
spectrochemical cell used for the Ar atmosphere Raman measurements, and to minimize the 
lithiation effects of the substrate. For electrochemical cycling, cyclic voltammetry was performed 
using a CH Instruments potentiostat, between potentials of 2 V to 20 mV vs. Li/Li+ for 1 and 3 
cycles, using the same electrolyte system as the ex situ samples. After cycling, the samples were 
removed from the cell in an Ar filled glove box, with < 1 ppm oxygen and rinsed with 
acetonitrile to remove residual electrolyte. The samples were then assembled and sealed in a 
spectrochemical cell in the Ar filled glove box and subsequently transferred in order to collect 
Raman spectra. 
 
5.2.3 Characterization and Data Analysis 
Ex situ Raman measurements were performed using a Renishaw inVia 
Confocal Raman Microscope. A 514 nm, 13.8 mW laser was used for the measurements at a 50x 
magnification (probe area ~2-3 μm) with accumulation times of up to 60 sec to resolve the low 
intensity peaks. All of the scans were normalized with respect to the ambient N2 peak at 
2331 cm-1. The silicon background in the Raman spectra was then subtracted from all the G-Si 
scans. For each of the conditions, the scans were averaged over 4-8 regions, and the averaged 
data were used for further analysis. Lorentzian peak fits were used for all the peaks, except D’ 
which was fit using a Voigt function. Peak heights obtained from the fits are used in the data 
analysis and referred to as “I(x)” in the following text.  
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5.2.4 Density Functional Theory 
Density functional theory (DFT) calculations were performed using the Vienna Ab-Initio 
Simulation Package (VASP)43 with accompanying Projector Augmented Wave (PAW) 
potentials.44 The calculations were performed using an energy cutoff of 500 eV. The Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional was used.45 A 4×4 supercell model with 
20 Å of vacuum was used for the calculations of Li and F adsorption. A 3×3 supercell was used 
for O calculations as well as those for strained graphene vibrational frequencies. A -centered 
661 k-point grid was also employed. The geometry optimization was achieved by using 
conjugate gradient minimization. Atomic positions were relaxed until the forces on each atom 
were smaller than 0.01 eV/Å. The calculations were spin-polarized.  
For isolated Li and F adsorption on graphene, the total energy of the system was first evaluated 
with the adsorbate at the hollow (on top of hexagon), the bridge (in between C-C bonds), and the 
top sites (on top of C atom). The most stable adsorption sites for isolated Li and F were found to 
be the hollow and top site (on C), respectively. For introducing the second Li, only the 
adsorption on the available hollow sites was considered for both single and double side 
adsorptions. For the third Li, using the lowest energy configurations of the previous step, the 
adsorption on the hollow site for both single and double side adsorption was calculated. For 
higher F concentration, on the other hand, in addition to the hollow site, we also included 
adsorption to bridge and top sites. To find adsorption sites for O, we considered positions 
forming a 55 grid on the graphene superlattice. The concentration of O was increased by 
keeping the most stable adsorbate position(s) and adding the next O. We used the same grid for 
both sides of the graphene for the second and third O as in the case of Li and F. 
 118 
From the resulting total energies obtained in the previous section, we selected those 
configurations that have the lowest energy for each Li, F, and O content considered. The 
adsorption energy for an adatom was calculated using the expression Eads = ET − EG − EAd, 
where ET is the total energy of graphene with the adsorbed atom, EG is the energy of graphene, 
and EAd is the energy of the reference state for the adatom. For Li, the reference state energy 
was taken to be the energy of the bcc bulk Li.  
For determining the adsorbate-induced change in defect formation energies, first, the formation 
energies of SW and DV defects were calculated using the formula, Ef = Ed - Nμ(C), where Ed is 
the total energy of graphene with defect, N is the number of atoms in defected graphene, and 
μ(C) is the chemical potential of C, which was calculated using the total energy of pristine 
graphene divided by the number of C atoms. The changes in the defect formation energies were 
calculated using the total energies corresponding to the lowest energy configurations. The change 
in DV defect formation energy upon Li adsorption, for instance, was evaluated by the following 
formula; Edef
DV = EnLi/G-DV - E nLi/G + nμ(C), where the first term (EnLi/G-DV) corresponds to the 
total energy of nLi adsorbed on graphene with DV defects and the second term is the total energy 
of nLi adsorbed on pristine graphene.  
For evaluating the changes in vibrational frequencies as a function of strain, topological defects, 
and adsorbates, we used the finite displacement method implemented in the VASP package. The 
method allows for determination of the Hessian matrix (i.e., the matrix of the second derivatives 
of the energy with respect to the atomic positions) and therefore the vibrational frequencies of 
the system. Each ion was displaced in the direction of each Cartesian coordinate, allowing the 
Hessian matrix to be determined from the resulting forces. We have used central differences 
where each ion was displaced in each direction by a small positive and negative displacement 
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with a 0.015 Å step size. For evaluating the strain effect on the vibrational frequencies of pristine 
graphene, bi-axial strain (both compressive and tensile) was applied up to 2%. 
 
5.3 Results and Discussion 
Raman measurements were performed as a function of electrochemical cycling for the G-Si 
samples. A systematic evolution of the graphene Raman spectrum was observed as shown in 
Figures 5.1 and 5.2. The “0” spectrum shows the Raman peaks of the as-prepared CVD grown 
graphene transferred on the Si(111) substrate (G-Si-0). The following first order peaks and 
higher order overtones were observed in order of decreasing intensity: 2D (~2700 cm-1), G 
(~1600 cm-1), D+D” (~2470 cm-1), 2D’ (~3250 cm-1), and D (~1350 cm-1). These peaks are 
representative of typical CVD grown monolayer graphene with a low level of defectivity32 as 
observed from the high 2D to G ratio and low intensity of the D peak. The D and D’ peaks are 
attributed to disorder-mediated first order scattering. The 2D and 2D’ peaks are overtones of the 
D and D’ peaks respectively. The 2D and 2D’ peaks originate from a process where momentum 
conservation is satisfied by two phonons with opposite wave vectors, so no defects are required 
for their activation.  They can thus be used as an indirect measure of the extent of non-defective 
graphene present in the Raman cross-section. The G peak is a result of in-plane optical modes of 
vibrations of the sp2-hybridized carbon atoms. Because absolute intensity measurement is a 
difficult task in Raman spectroscopy, the normalized intensity I(D)/I(G) ratio is widely used to 
measure the amount of disorder.46  
As the electrochemical cycling proceeded from 0.5 to 5 cycles, the Raman spectra showed 
increasing defectivity in the graphene film. After a single lithiation (G-Si-0.5), the Raman 
spectrum “0.5” showed a marked increase in I(D), and an additional defect peak, D’, appeared as 
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a shoulder on the G peak. The evolution of the D and D’ features imply the development of 
graphene defects upon lithiation. This early stage defect formation has been reported previously 
for copper substrates39 and graphitic carbon.47 A broad D+D’ peak at ~2930 cm-1 also appeared at 
this stage. The I(2D), however, remained relatively unaffected. For the case of 1 and 5 cycles, the 
D, D’, and D+D’ peaks continued to grow and simultaneously the 2D peak started to decrease. 
I(G) also increased slightly, and by the 5th cycle, both the I(D) and I(G) were comparable to each 
other and higher than I(2D). Additionally, by the 5th cycle, a broad peak was visible around 
~3170 cm-1, which is indicative of the 2nd order overtone of the G peak (i.e., the so-called 2G 
peak) as observed for Raman spectrum “5”. We confirmed the identity of this 2G peak by a lack 
of dispersion in its peak position with different laser energies.46 The 2G peak represents a double 
resonant process that is typically absent in graphene, but has been observed commonly in 
chemically defective forms of graphene such as graphene oxide.48  
After the 5th cycle, additional electrochemical cycling had relatively minimal effects on the 
Raman spectrum. This cycling behavior suggests that the defectivity in the graphene monolayer 
resulting from electrochemical cycling was limited to the initial lithiation stages and only caused 
partial damage to the graphene layer.  The different conditions examined can thus be categorized 
into two phases of the process based on the evolution of the different peaks: the first phase (up to 
5 cycles) characterized by significant changes in the Raman peaks for relatively small advances 
in the electrochemical cycling, and the second phase (20-70 cycles) characterized by relatively 
small changes, almost plateauing, in the Raman peak intensities for a large number of cycles.  
Figure 5.2 provides quantitative analyses based on the spectra in Figure 5.1. Figure 5.2a shows 
the change in peak heights of the main peaks, namely the G, 2D, D, and D’ peaks as a function of 
the number of electrochemical cycles. The inset shows the relative change in the peak intensities 
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during the first phase of cycling. A double exponential fit to the peak heights shows a roll over in 
all cases for higher numbers of cycles. The I(2D) drops by ~50% at the 20th cycle and is then 
relatively unaffected by further cycling. I(D) and I(D’) peaks increase significantly up to ~20 
cycles and then also stabilize. The variations observed at the higher number of cycles for the 
defect peaks were attributed to non-uniformities in the galvanostatic cycling process as well as 
sample-to-sample variation. The G peak also became relatively stable at higher number of cycles 
after an increase of 50% in the first cycle. Since I(G) is expected to decrease with increasing 
defect density,49 the increase in I(G) is not likely to be due to defect formation. Doping is more 
likely the cause since a change in the Fermi level excludes part of the Brilluoin zone from 
contributing and reduces the destructive interference, thereby causing I(G) to increase.32 
Previous experiments have found similar increases in I(G) due to a 0.5 V electrochemical 
potential,50 which implies ~1013 cm-2 in charge density.51  
Figure 5.2b shows the I(D)/I(G) ratio as function of cycling. This ratio showed a similar trend as 
observed for the individual peaks, with a saturation value of ~ 1.5-2.0. Interestingly, the 
I(D)/I(G) saturation value was similar to that reported for rGO following solvothermal reduction 
of graphene oxide,27 suggesting that the level of defectivity at the later stages of cycling is 
comparable to that of rGO. Previous reports of I(D)/I(G) for monolayer graphene as a function of 
Ar+ ion bombardment (vacancy type defect)35  and oxidation (functionalization type defect)52 
have shown a transition from a low defect to a high defect regime, which was characterized by 
an initial increase in the I(D)/I(G) ratio in the low defect regime followed by a strong decrease in 
the ratio in the high defect regime. The low and high defect regimes are referred to as Stage 1 
(graphene to nanocrystalline graphene) and Stage 2 (nanocrystalline sp2 to low amorphous sp3), 
respectively. This transition was reported to be between I(D)/I(G) ~3-4, which is significantly 
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higher than the value observed in our case, indicating that the final defect density in the second 
phase was still in Stage 1 at the saturation value. Further evidence that the samples remained in 
Stage 1 is the fact that I(2D) saturated at ~50% and did not continue to drop as is expected for 
Stage 2.52 Using the phenomenological model proposed by Lucchese et al.35 for ion 
bombardment induced defects in monolayer graphene, we can make an approximate estimate for 
the average defect distance in our case to be ~6-8 nm. It should be noted that this model is 
developed for the case of vacancy type defects and does not account for functionalization type of 
defects, both of which may be present in our case. 
Figure 5.2b also shows the area-to-area variation in the Raman signal. A relatively high spatial 
variation is observed at the early stages of cycling, while the spatial variation reduces as the peak 
intensities saturate for higher numbers of cycles. Figure 5.2c shows the shift in the peak positions 
for the G, D, and 2D peaks as the electrochemical cycling was performed. The G peak shows a 
distinct redshift of ~ 15 cm-1 upon the first lithiation and then only a marginal additional shift for 
higher numbers of cycles. Since defect-induced shifts in the G peak is only observed in Stage 2,49 
and doping induces stiffening of Raman modes,51 we hypothesize that strain-induced shifts may 
be dominant, as discussed below in the first principles modeling results. The D and 2D peaks 
also show a small redshift after the first lithiation, but a stronger shift with increasing number of 
cycles compared to the G peak. This effect could be a result of the strain from the large volume 
change and resulting amorphization of the silicon substrate underneath the graphene film as well 
as SEI formation on the surface of the graphene monolayer. A peak at ~ 1550 cm-1 was also 
observed, which shows a greater than fivefold increase in the peak height and area by the 70th 
cycle. We attribute this peak to hydrocarbon53 signal from the SEI layer. It is likely that the 
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presence of a thicker SEI limits exposure of the graphene layer to the reactive electrolyte species 
and perhaps alleviates the defects formed due to this exposure. 
The approximate amount of charge (equivalently the lithium exposure) required to induce 
defectivity in the graphene monolayer can be estimated. This calculation assumes an ideal case 
of uniform lithiation and perfect graphene coverage over the entire surface of the silicon 
substrate. Our estimate indicates that an exposure  0.2-0.3 C/mm2 will result in defect levels 
comparable to the saturation value. This value provides a more universal estimate based on 
lithium exposure independent of the specifics of the cycling conditions.  
Since chemical functionalization is likely to be a contributor to the observed changes in the 
Raman spectra, additional measurements were performed using an Ar-atmosphere Raman system 
to confirm these findings and show that the defectivity is not affected by oxidative processes as a 
result of air exposure. Figure 5.3 shows the Ar-atmosphere Raman spectroscopy data of a G-SiO2 
substrate following the first cycle voltammetry. Similar to the ex situ G-Si-0.5 sample, the 
Raman spectrum shows new defect-related features after the cycling as well as analogous 
evolution of the existing features. As expected, more cycling results in more pronounced 
evolution of the D’ peak and increase in the intensity of the D peak, similar to the G-Si-1 case. 
Figure 5.3b also shows that the 2D region of the spectra is nearly invariant over 14 hours, which 
further confirms that air exposure post-cycling did not affect the Raman measurements.  
Additionally, we transferred graphene to an H-terminated Si substrate and also cycled the as-
grown graphene on Cu foil (G-Cu). For both of these substrates, a negligible amount of oxygen 
is present on the substrate surface and hence at the interface between the graphene and substrate. 
The defect footprint in both cases was similar to that of the G-Si samples suggesting that the 
native silicon oxide in the case of the G-Si samples was not the sole source of oxygen 
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functionalization. The level of defectivity in the graphene monolayer for the G-Cu sample was, 
however, much lower than its G-Si-20 counterpart, presumably due to the difference in the 
substrate lithiation capacities. 
Overall, the graphene monolayer remains partially intact and shows a distinct graphene signature 
in Raman spectra following several electrochemical cycles. The changes in the Raman spectra 
with electrochemical cycling are likely due to the evolution of preexisting defects, as well as 
chemical functionalization of the graphene due to interaction with Li and other species such as O 
and F. In particular, partially fluorinated54 and oxidized55 graphene sheets have shown similar 
Raman features as the electrochemically cycled graphene, which also points to a 
functionalization-defect interplay. In the next section, this interplay between chemical 
functionalization and defect evolution is further explored with DFT modeling. 
 
5.4 Density Functional Theory 
The electronic properties of graphene can be tuned by doping or edge chemical modification. 
Adsorption on graphene can also lead to changes in its properties, and among different ad-
species, Li, F, and O are of significant interest in the aforementioned electrochemical 
experiments. Li, in particular, is evidently important for applications in Li-ion batteries. In 
addition, O and F are common elements in the SEI. The emergence and changes in the intensity 
of the D peak in the Raman spectra during electrochemical cycling indicate continual changes in 
the defect density.52,56 The nature of the defects, whether sp3 in character (e.g., functionalization 
with F or O), or topological defects in the honeycomb lattice (e.g., vacancies or Stone-Wales 
defects), can also be inferred from the ratios of D and D’ intensities in the Raman spectrum.57 
However, the effects of a metallic ad-species such as Li or the combination of 
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adsorption/functionalization and topological defects on Raman frequencies have not been 
previously investigated. In this section, we explore the effect of Li, O, and F on the vibrational 
frequencies and the defect formation energies in the presence of topological defects. We 
specifically explore SW and DV topological defects as the former has the lowest formation 
energy as compared to other topological defects, while the latter is more stable and has the 
potential to significantly lower the Li penetration barrier through graphene.17,22 Although the 
formation energies of these defects are high, they were chosen as representative structures for 
evaluating the aforementioned effects of adsorption/functionalization.  
DFT calculations were performed for various configurations of Li, F, and O adsorption on 
graphene both with and without topological defects. The lowest energy adsorption sites were 
different for all considered elements, and Li, F, and O were relaxed to hollow, top, and bridge 
sites, respectively (Figures 4, S5a-c). Upon adsorption, Li donates part of its charge to the more 
electronegative C atoms in its proximity. The charge accumulation occurs between Li and the C 
atoms, while depletion was observed above Li and in between the nearest C-C ring atoms (Figure 
5.5). The interaction between Li and graphene was clearly of a highly ionic character, although it 
should be noted that the structural changes associated with Li adsorption were relatively small. 
The placement of a single F on the top site of C resulted in a reduction of electron density on 
graphene due to the higher electronegativity of F with respect to C. As a result, the nearest C-C 
bonds were enlarged from 1.42 Å to 1.48 Å. For higher F concentrations, double side adsorption 
was found to become favorable and the enlargement of C-C bonds was > 1.55 Å, suggesting that 
F adsorption leads to local distortion in the honeycomb lattice. This effect was further enhanced 
in the presence of topological defects. 
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Similarly, for O adsorption, electrons were drained from the bridge C-C bond and accumulated 
on the newly formed C-O bond. Accordingly, an expansion of the C-C bridge of about 0.1 Å in 
all bonds after the attachment of a single oxygen atom was observed. Further increasing the 
concentration showed that double-sided adsorption was also preferable. Overall, compared to Li, 
lattice distortions induced by the adsorbates in graphene were more pronounced for F and O 
resembling a more sp3-like carbon bonding. F on top of the C atom led to local structural 
distortion of the honeycomb lattice in which the C atom was pulled away from the flat graphene 
sheet. Likewise, the C-C bridge was distorted in the case of O attachment. However, if a counter 
O was placed directly below the adsorption site, out-of-plane displacements were minimal. In 
defected structures, starting with the introduction of a second O, carbon-carbon separation (> 1.7 
Å) was also observed. 
Apart from the structural, bonding, and electronic changes described above, topological defects 
can also be modified by adsorption/functionalization. Therefore, in an effort to understand the 
effect of adsorbed species on defect evolution, the changes in defect formation energies were 
calculated for the graphene layer in the presence of Li, F, and O using the total energies of the 
most stable configurations identified in the previous section. The procedure for calculating the 
change in defect formation energies is described in the computational details section. 
As shown in Table 1, these calculations show that increasing coverage of adsorbed Li, F, and O 
gradually reduces the magnitude of the formation energies of topological defects. The reduction 
in the defect formation energy was about 1.6 eV (SW) and 2.5 eV (DV) from no adsorbate to the 
highest Li coverage of 0.1 monolayer. In the case of F, these values become 1.6 eV and 1.9 eV, 
respectively, while in the case of O, the reduction was larger with 2.1 eV for SW and 5.4 eV for 
DV defect and highly coverage-dependent. This coverage dependence was likely affected by the 
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substantial structural modification introduced by O adsorption, in which C-C bond breaking was 
observed. In fact, the final structures for the highest O coverage were qualitatively different from 
the initial defect configurations. The fact that we find topological defects to become likely at 
high O coverage is consistent with previous work that found that O leads to cleavage of 
graphene.25,26  
Motivated by these considerations and the observed shifts in the Raman spectra, the role of 
functionalizing agents on the vibrational frequencies was also explored. It should be noted that in 
the presence of defective graphene, the identification of the G peak position was not possible in 
our calculations. The associated eigenvectors of the vibrational modes are heavily modified as 
our computational cell presents a high defect density. Nevertheless, by studying the vibrational 
frequencies of the defective graphene structures with and without the adsorbates, we determine 
what changes can be expected in the vibrational frequencies of pristine graphene when these 
topological defects are present and when they interact with adsorbates such as Li, O, and F. 
The overall trend in the changes observed for the vibrational frequencies for pristine graphene 
can be attributed to the changes introduced in the graphene lattice structure and the C-C bond 
lengths that are induced by different adsorbates.  In the case of O adsorption on the surface of 
pristine graphene, oxygen atoms create a dampening effect on the in-plane motion of carbon 
atoms on both sides of the bridge position. The bond lengths are generally shorter between these 
C atoms, which may explain the slightly higher wavenumber (1582cm-1) for this mode compared 
to the value calculated for pristine graphene (1565 cm-1). Similar to O, when graphene is 
functionalized with F atoms, there is local structural distortion in the graphene lattice. The 
resulting stiffer C-C bond induces a stiffer vibrational frequency obtained for the highest 
frequency mode (1571 cm-1) compared to that of pristine graphene. Li-functionalized graphene, 
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on the other hand, presents a different effect than those obtained for O and F. Li adsorption leads 
to nearly uniform softening of the C-C bond lengths (1.435 Å) throughout the graphene lattice. 
This softening effect of Li on the C-C bond lengths resembles that induced by tensile strain. In 
particular, the highest vibrational frequency mode was found to be softer than that of adsorbate-
free graphene, with a lower wavenumber of 1518 cm-1.  
For graphene with topological defects, additional higher vibrational frequency modes with 
wavenumbers of 1813 cm-1 and 1696 cm-1 are found for DV and SW defects, respectively. These 
high frequency modes can be attributed to the stiffer C-C bonds in these defective structures.  In 
the presence of O, Li, and F, the vibrational modes of these defective graphene structures are 
further modified. In particular, when functionalized with three O atoms, the highest vibrational 
frequencies are reduced to 1719 cm-1 and 1623 cm-1 for DV and SW, respectively. The large 
elongation induced in the C-C bonds due to the functionalization is reflected as the softening of 
the highest vibrational frequency modes found for the adsorbate-free defective graphene. The 
functionalization of the defective graphene with three F atoms produces a similar effect as 
oxygen. The preferred adsorption configuration for F atoms is on top of C sites near the defect 
regions, and similar to oxygen, fluorine induces significant enlarging in the neighboring C-C 
bonds that is more enhanced in the case of the DV defect. Specifically, the highest vibrational 
frequencies are reduced to 1722 cm-1 and 1651 cm-1 for DV and SW defects, respectively. The 
change induced by the adsorbates on the defective graphene structure is smaller in the case of Li 
compared to F and O. The adsorption configuration of three Li atoms is double sided, on top and 
near defect sites. In this case, the highest vibrational frequencies are reduced to 1746 cm-1 and 
1665 cm-1 for DV and SW defects, respectively. A more detailed discussion is provided in the 
Supporting Information. 
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Given the significant expansion of the Si(111) substrate during cycling as well as 
functionalization and growth of SEI on the surface of the monolayer graphene, it is also 
important to consider the contribution of strain in this scenario. While the strain geometry 
evolution during the cycling is likely to be complex, we approximated a situation of biaxial 
strain33 to simulate the conditions and understand the effect of strain on the Raman spectra. The 
changes in the vibrational frequencies of the pristine graphene were calculated under applied 
biaxial strain, both compressive and tensile up to 2% to assess the G peak dependence on strain. 
These results suggest that the applied tensile strain (presented by positive percentages in the 
figure) gradually softens the vibrational frequency associated with the G peak from 1565 cm-1 
(for zero strain) to 1537, 1508, and 1453 cm-1 for 0.5, 1, and 2% strain, respectively, resulting 
from less stiff in-plane C-C bonds in the tensile strained graphene. These results suggest that the 
initial red shift (15 cm-1) observed in the G peak experimentally upon lithiation and the 
continuing shift are consistent with graphene undergoing tensile strain.  In summary, while it is 
not possible in such a complex environment to pinpoint specific cause-effect, our modeling 
results suggest that a combination of defect formation, functionalization, and tensile strain are 
likely contributing to the modification of the Raman spectra as observed experimentally. 
 
5.5 Conclusions 
In summary, we have performed a detailed Raman and DFT modeling study for the model case 
of monolayer graphene on Si(111) to explore how the structure of the graphene layer evolves in 
the Li-ion battery environment over extended electrochemical cycling. Most importantly, the 
graphene monolayer remains partially intact and the defectivity saturates at I(D)/I(G) ~1.5-2 after 
the early stages of cycling with longer cycling periods having minimal additional impact. Using 
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Ar-atmosphere Raman measurements, these findings were confirmed and show that the 
defectivity is not affected by air exposure during ex situ measurement conditions. Since previous 
approaches have suggested that Li diffusion through the basal plane of graphene is only possible 
through defect sites, DFT modeling was employed to understand how the Li-ion environment 
could potentially induce additional defects, which would facilitate Li-ion diffusion through the 
graphene layer. This modeling showed that defects can act as active sites for adsorbates (Li, O, 
and F) and that chemical functionalization can lower the defect formation energies. In this 
respect, active sites with specific adsorbates can form nuclei for extended defects. The modified 
Raman spectra and calculations thus suggest that the observed increasing level of defectivity can 
be attributed to a combination of vacancy formation and chemical functionalization of the 
graphene as a result of interaction with Li and other atomic species such as O and F in the 
electrolyte. However, since the defect level plateaus with further electrochemical cycling, the 
experimental results further suggest that the defect formation process is suppressed once the 
defect level is high enough to enable unimpeded Li diffusion and/or once the SEI has fully 
formed on the graphene surface. Overall, this work provides quantitative insight into the 
structural evolution of graphene during electrochemical cycling and thus will inform ongoing 
efforts to employ graphene as an additive or coating in advanced Li-ion battery electrodes. 
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5.7 Figures and Tables 
 
 
Figure 5.1. Ex situ Raman measurements of a series of electrochemically cycled samples of 
monolayer graphene transferred on Si(111). “0” indicates the Raman spectrum of the as-prepared 
sample prior to any cycling. “0.5” – “70” indicates average spectra for 6 samples that have been 
cycled at different conditions ranging from single lithiation (“0.5”) to 70 lithiation-delithiation 
cycles (“70”). The spectra are offset for viewing clarity. Peaks labeled in black are present in the 
as-prepared samples, while the ones labeled in red appear during different stages of cycling. The 
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spectra show an increase in the defectivity of the graphene monolayer with increasing number of 
cycles, but this effect saturates for higher numbers of cycles. 
  
a)	
b)	 c)	
 
Figure 5.2. Analysis of the ex situ Raman measurements. (a) Peak intensity (peak height) for the 
D, G, 2D, and D’ peaks as function of the number of electrochemical cycles. The dotted lines are 
drawn as a guide to the eye using double exponential fits for each peak, showing the early stage 
of increasing defectivity followed by a rollover to a later stage of nearly constant defectivity. The 
inset shows the peak intensities during the early stages including the transition from I(2D) > 
I(D), I(G) to I(2D) < I(D), I(G) over 5 cycles. (b) I(D)/I(G) ratio as a function of the number of 
 139 
electrochemical cycles, showing a similar trend as that of the individual peaks. I(D)/I(G) 
saturates to ~1.5-2, with a corresponding 50% drop in I(2D). Also shown is the standard 
deviation of the I(D)/I(G) showing higher area-to-area variation at the early stages of cycling 
compared to the later stage. (c) Red shift for the D, G, and 2D peaks after cycling for 
representative (0.5, 5, 50 and 70) cycles with respect to their initial positions prior to cycling 
(i.e., Raman Shiftas-prepared — Raman Shiftx-cycles). 
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Figure 5.3. Ar-atmosphere Raman measurements of a G-SiO2 sample before and after 1 CV 
cycle showing similar trends as the ex situ single lithiation (“0.5”) case. Graphene peaks that 
appear after the cycling are indicated in red. A series of plots are collected after the first CV 
cycle as the cell is exposed to air (shown in green) to show that air exposure does not change the 
Raman spectrum. 
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Figure 5.4. The lowest adsorption energy configurations of isolated Li, F, and O on pristine 
graphene and graphene with SW and DV defects. Green, gray, red, and brown balls represent Li, 
F, O, and C atoms, respectively.  
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Figure 5.5. Changes in charge density upon adsorption of Li, F, and O (from top to bottom) on 
pristine graphene (P) and graphene with SW and DV defects (from left to right). The charge 
density differences are obtained by subtracting the electron densities of the isolated Li, F, O, and 
graphene alone from those of the charge densities of the adsorbed systems. The charge densities 
of the isolated systems are calculated without further relaxation. Red colored areas represent 
charge accumulation, while blue corresponds to charge depletion. 
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 Clean  Li  F  O 
   1 2 3  1 2 3  1 2 3 
SW 
4.7 
(3.6) 
 
 4.2 3.2 3.1  3.9 3.3 3.2  
 
3.1 
(2.7) 
 
2.8 
(2.1) 
 
2.6 
(0.94) 
DV 
 
6.8 
(5.6) 
 5.8 4.5 4.3  5.9 5.7 4.9  
 
5.1 
(4.3) 
 
3.3 
(2.5) 
 
1.4 
(0.28) 
 
Table 5.1. Adsorbate-induced defect formation energies (eV) of SW and DV defects in the 
presence of Li, F, and O of varying concentrations. Values are given for calculations on 44 
supercells, except the ones in parenthesis which are from 33 supercells. 
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Appendix A 
 
Electrochemical Stress Measurement Setup 
 
A.1 Introduction 
Stress measurement setup (Figure A.1), uses the change in the curvature of a thin 
cantilever. The curvature (C) is measured by an optical setup previously explained using 
following equation: 1  
C= √2 ΔV/l F β  (A.1) 
where ΔV is the displacement signal from position sensitive detector, l is the length of scanning 
laser line on the cantilever, F is the focal length of the main lens (0.5 m), and β is the position 
sensitive calibration constant (2000 V m-1). Stoney’s equation is used to calculate stress change 
(Δg) from change in the curvature. 
 
Δg= Yt2C/6(1-γ)  (A.2) 
 
where Y is Young’s modulus, and γ is the Poisson ratio of the substrate. When using a glass 
cantilever, Y = 75.9 GPa and γ = 0.22.2 
 
A.2 Stress measurement setup operation 
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In order to measure the curvature change, ΔV is acquired from a lock in amplifier, and 
then Equation A.1 can be used. Here some standard operating procedure for this setup is 
explained. 
1. Mounting the sample and assembling the cell. The cantilever should provide a reflective 
surface for the Laser. 
2. Determining phase and adjustment of lock-in amplifier accordingly (especially important 
when “gain” level is changed) 
2.1. Adjustment of phase value 
2.1.1. Press “phase” on lock in amplifier 
2.1.2. Adjust value by turning large dial 
2.2. Adjust the position of the objective lens using knob at the base of the lens 
2.3. Adjust objective lens to have a value close to zero for “in-phase” signal 
2.3.1. Observe and record the value of “out of phase” signal 
2.4. Adjust objective lens to achieve “in-phase” signal of approx. +0.5 V 
2.4.1. Adjust phase using dial to give “out of phase” signal close to the value acquired in 
“2.3.1” 
2.5. Adjust objective lens to achieve “in-phase” signal of approx. -0.5 V 
2.5.1. Verify output for “out of phase” signal is balanced (i.e. it needs not to be constant 
across the entire range, but any trend must reserve upon crossing zero-value, e.g. 
0.0025 down to 0.0013, back up to 0.0023 indicates a balanced signal) 
2.5.2. If signal is not acceptably balanced, return to step “2.3” and repeat process until a 
balanced signal is obtained. 
3. Determining the correlation between forces and signal output 
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3.1. Adjust objective lens position to obtain positive “in phase” signal on lock-in amplifier 
(e.g. +0.5) 
3.2. Using a note card or other blank white paper, observe the spread of the laser beam 
between the detector and final lens prior to the detector 
3.3. If the beam does not exhibits a focus point (e.g. spread narrows then widens upon 
approach towards detector) anywhere in this space, then a compressive force is indicated 
by a positive “in phase” signal while a negative signal corresponds to a tensile force 
3.4. If the beam does not exhibit a focus point anywhere in the space in front of the detector, 
then the focus point must be behind the detector, and a tensile force is indicated by a  
positive “in phase” signal, while a negative signal corresponds to a compressive force 
3.5. Before starting the experiment null the “in phase” signal 
Figure A.2 shows the block diagram of the LabView program used to measure the stress changes 
from curvature change of the cantilever. A lock-in amplifier reads a modulated signal at 133 Hz, 
and the LabView program is used to read the signal from a SR830 lock-in amplifier. 
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Figure A.1 (a) The schematic of the optical setup used for measuring curvature change. (b) 
electrochemical cell used for in-situ stress measurements. 
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Figure A.2 Part of the LabView block diagram used for recording the voltage changes from the 
lock-in amplifier and the conversion to stress changes. The graphing and writing the data to a file 
are not shown here. 
 150 
 
 
Appendix B 
 
Electrochemical Reaction Cells Designs 
 
B.1 In-situ electrochemical cell for stress measurements 
 The in-situ stress cell is used to measure the change in the curvature of a cantilever with a 
thin film coating of the material of interest during the electrochemical measurement. The 
electrochemical cell is made out of Kel-F, and can be sealed in an Ar-atmosphere glove box. A 
quartz window and o-ring groove are used to make the optical path and also provide the seal. 
This setup allows Ar-atmosphere electrochemical stress analysis of the electrode coating on a 
cantilever. For making electrical contact to the electrode, a gold contact is used. Further details 
about the stress measurement setup can be found in Appendix A. Figure B1 shows the drawing 
used for making the electrochemical cell for measuring in-situ stress changes of electrode 
coatings on a thin cantilever. This setup was used to acquire data for the results presented in 
Chapters 2 and 4. 
B.2. Electrochemical cell for in-situ reflection spectroscopy of an electrode surface 
This electrochemical reaction cell is made out of Kel-F and the optical path is provided 
through a quartz window. The cell is designed in a way to minimize the optical path of the beam 
in the solution. The cell could be assembled in a Ar-atmosphere glove box and then be 
transferred for measuring in-situ Raman spectroscopy and surface enhanced Raman spectroscopy 
(SERS). Figure B2 shows the drawing used for making this cell. The results acquired for Ar-
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atmosphere Raman spectroscopy of graphene defects were acquired using this electrochemical 
reaction cell. 
B.3. Electrochemical cell for in-situ Mass Spectrometry analysis of surface and bulk species 
during electrochemical measurements: 
 This electrochemical reaction cell is made out of Kel-F, and provides a way to send 
species to a mass spectrometer both from the surface and also bulk of the electrode. This setup 
make it possible to acquire differential mass spectrometric data of decomposition products of 
bulk and surface species. Two capillaries connect the bulk and surface to a mass spectrometer. A 
solvent spray is used to dilute the sample and facilitate ionization. Species are analyzed as an 
electrochemical experiment is running. This method provides a novel in-situ mass spec technique 
for analysis of surface specific electrochemical reactions. Figure B3 shows the diagram of the 
electrochemical cell used for these measurements. 
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Figure B1. Drawing of the electrochemical cell used for measuring in-situ stress changes of 
electrodes. 
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Figure B2. Drawing of the electrochemical cell used for measuring in-situ Raman and SERS of 
electrode surface. 
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Figure B3. The electrochemical reaction cell used for in-situ mass spectrometry analysis of 
electrochemical reaction products on the surface and in the bulk of the electrolyte. 
